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SUMMARY
The properties, classification and fabrication of 
plastics are first reviewed with a description of the 
different polymers. The consumption pattern and uses 
of plastics are then described.
In Chapter 4 the output of solid wastes, their 
weight, volume and nature are discussed. Estimates 
of solid wastes production for 1974/75 are calculated.
The first part of Chapter 5 reviews plastics waste 
forecasts made by Staudinger, and the second part des­
cribes the development of a model for forecasting 
plastics wastes and a discussion of results obtained.
The next three chapters describe the various 
collection, transport, and disposal methods used and 
proposed for solid wastes, their costs, and the effect 
of plastics waste on them. Separation plants are also 
discussed.
The various methods and techniques which are/would 
be involved in the recycling of plastics waste is re­
viewed in Chapter 9, and the various methods of rendering 
plastics degradable in Chapter 10.
Chapter 11 is an analysis of the litter problem.
The current state of knowledge is discussed, and a model 
is described, which can be used to study the effect of 
various parameters on the litter level.
Finally, alternative policies for dealing with 
plastics waste are discussed.
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CHAPTER ONE
INTRODUCTION
- 2 -
1.1 THE PLAN OF THE STUDY
There are four interwoven themes in this study: 
the production and consumption of plastics; the pro­
duction and treatment of plastics waste; the production 
and treatment of solid wastes; and litter.
These have been dealt with in the following manner: 
the properties and production of plastics and the growth 
of plastics consumption of plastics are described in the 
first part of the thesis; chapter four deals with the 
production of solid wastes and chapter five with the 
production of plastics waste; chapters six, seven and 
eight describe current and proposed methods of treatment 
of solid wastes, the costs of these processes, and the 
effect of plastics on them; chapters nine and ten 
describe alternative treatments for plastics waste 
(recycling and degradation); chapter eleven is an analysis 
of the litter problem; and chapter twelve discusses the 
whole work.
1.2 REFERENCES
References are given at the end of each chapter to 
lessen any confusion which might arise as the result of 
having a large number of references on different subjects 
grouped together at the end of the work. The references 
for chapters seven and ten are further subdivided to 
aid comprehension.
- 3 -
In many cases a number of sources have been used for 
the material presented; these are listed at the end of 
each chapter, but only acknowledged in the text where 
figures or contentious comments are noted.
Much information has been obtained from the Journal 
of the Institute of Solid Wastes Management ("Solid 
Wastes Management"). This was formerly known as 
"Public Cleansing", but volume numbers have continued and 
therefore it is always referred to as "Solid Wastes 
Management" (S.W.M.).
The main source of plastics statistics was European 
Plastics News, which was formerly known as Europlastics 
Monthly, and before that as British Plastics. Where 
referred to as a group the most recent name (European 
Plastics News) is used, otherwise the title current at 
time of the reference is used (the volume numbers are 
not concurrent).
Economics references are given in Chapter 12.
1.3 UNITS
In all chapters except that on litter metric units 
have been used. Figures published in other units have 
been converted before presentation.
- 4 -
PLASTICS:
CHAPTER TWO
STRUCTURE, PROPERTIES, 
FABRICATION
- 5 -
2.1 PLASTICS
Polymers are large molecules made up of the repet­
ition of small units called "mers". They may be based 
on any of several imlti valent elements such as carbon, 
silicon and phosphorus. Large tonnage commercial plastics 
are all polymers based on carbon atoms which form the 
"skeleton" of the molecule.
Polymers may be linear, branched or crosslinked 
(Fig. 2.1); the latter involves a molecule which is 
a three dimensional network.
The molecules from which the mers and polymers are 
derived are known as monomers. A homopolymer is made from 
only one monomer, while copolymers are made from two, 
or more, monomers. A number of typical molecular 
structures are illustrated in figure 2.1, with the 
accepted terminology.
If there are functional groups or atoms other than 
hydrogen on the polymer chain they may be arranged either 
regularly or irregularly. When the substituent is always 
on one side of the chain the polymer is said to be iso- 
tactic; when the substituent alternates from side to side 
the polymer is syndiotactic; when it is randomly 
situated on either side the polymer is atactic (Fig. 2.2).
2.2 POLYMERISATION
The process of producing polymers from their monomers 
is known as polymerisation. There are two broad types of
polymerisation, condensation and addition.
- 6 -
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Condensation polymerisations can be defined as those 
in which the intermediates as the chains grow are stable 
chemical entities which can be isolated and purified. The 
intermediates in addition polymerisation are transient species 
such as free radicals, carbanions and carbonium ions.
2 .2.1 CONDENSATION POLYMERISATION
An example of condensation polymerisation is the form­
ation of polyethylene glycol terephthalate (Terylene or 
Dacron) by polyesterification of ethylene glycol with 
terephthalic acid (Fig. 2.3). The intermediates are
all stable chemical entities. It is similar to a
repeated simple chemical reaction.
2.2.2 ADDITION POLYMERISATION
Addition polymerisation usually involves the poly­
merisation of primary alkenes (monomers with a double 
bond at the end of the molecule, RCH^CI^').
An example is the free radical catalysed polymeris­
ation of ethylene (Fig. 2.4). The free radicals are 
first produced by an initiator such as benzoyl peroxide, 
and the intermediates are unstable free radicals;
2.3 MORPHOLOGY
There are three distinct states to be found in solid 
polymers known as rubbery, glassy and crystalline.
The molecules in polymers are attracted to one 
another by relatively weak secondary bonding forces.
In the simplest structure, linear molecules are 
entwined in a random manner which can be likened to a
- 9 -
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(i) Initiation: formation of free radicals
0 0 0
SO^C-J 2 2 =  «_o0 ... CO.
C-O-O-C \v-// further
<£ <§>
benzoyl Benzoyl free Phenyl
peroxide radicals (R ) radicals
ro + cH2==CH2 ------•» R— CH2 —  8h2
(ii) Propagation: chain elongation
o
R - CH2 - 8h2 + CH2=CH^R - CH2 - CH2 - CH - CH2
(iii) Termination: removal of free radicals
R— (-CH„-CHr) ---CH, -CH, + CH— CH^- (CHr-CH—)-Rz z n z z z z z z n
■> R— (-CH2 CH2)x R
Figure 2.4 Free Radical Polymerisation of Ethylene
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bowl of cooked spaghetti. Branched chains may form a 
similar structure, more complicated by the branches and 
additional entanglements therefrom. The interactions 
between the chains tend to be mainly mechanical in this, 
the amorphous structure (Fig. 2.5).
Under certain conditions the molecules are able to 
gyrate under the influence of thermal energy and to move 
relative to other molecules. In this case the polymer 
is in the rubbery state.
When there is insufficient energy to permit gyrations 
and other motion in the molecular chains the polymer is 
in the glassy state.
A crosslinked polymer on the other hand has a more 
rigid structure owing to the crosslinks, and a whole 
moulding may be thought of as a single molecule. In 
this case properties are related to the (strength of the) 
chemical bonds between the polymer chains.
A more ordered structure is possible for linear 
polymers as they may form cyrstals. Polymer crystallinity 
is difficult to define. Because of the large size of the 
molecules polymer crystals do not correspond to the same 
three dimensional order found in simple crystalline 
substances or metals. Segments of the chains form 
three dimensionally ordered arrays exhibiting character­
istic inter- or intra-molecular spacing (Fig. 2.5).
These polymer crystals are separated by intercrystalline 
amorphous regions, which may constitute 5 - 95% of the 
total volume.
The degree of crystallinity can be attributed to two 
factors: the magnitude of the attractive inter-molecular
- 12 -
^
(a) Amorphous Structure
(b) Crystal Structure
Figure 2.5 Morphology
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forces, and the ability of the chains to fit into a 
crystal lattice. For example a polymer with small 
intermolecular forces and with bulky constituents which 
cannot pack in an ordered fashion (due to their size and 
shape) will have little tendency to crystallize, whereas 
a polymer with strong intermolecular forces and a 
compact molecular structure will usually exhibit some 
degree of crystallinity. In general, only isotactic, 
and to a lesser extent, syndiotactic polymers are able 
to crystallize.
The tendency to crystallize may be expressed in 
thermodynamic terms and may be identified with the 
free energy change associated with crystallization.
AGc = A He - . T A  Sc
where AGc = free energy change associated with
crystallization
A He = change in enthalpy associated with
crystallization
A  Sc = change in entropy associated with
crystallization
T = temperature in A°.
The enthalpy term represents the strength of the 
intermolecular bonds which are formed as the result of the 
proximity of molecules, and the entropy term represents the 
bulkiness of the molecule and also other obstacles to the 
ordered packing required for a crystalline structure.
One way of increasing the crystallinity of a polymer 
is to subject it to uniaxial stress, which aligns the 
molecules in the direction of the stress (e.g. the .drawing 
of fibres). This can be carried out with both amorphous
- 14 -
and crystalline polymers and the properties in the 
direction of alignment differ from those at right angles 
to it. Drawn fibres are based on this principle and have 
high strengths in the direction of orientation.
Crystallinity can also be increased by making lower 
molecular weight polymers, as short chains are better 
able to fit into crystal lattices.
2.3.1 SOLID STATE TRANSITIONS
When a liquid polymer is cooled it passes first 
through the rubbery state and then at lower temperatures 
reaches the glassy or crystalline states. Not all polymers 
display all three variants as some cannot be crystallized, 
and others do not pass through the glassy state. Two 
characteristic temperatures are useful in understanding 
the states and the properties associated with them.
The glass transition temperature (Tg) is that 
temperature below which there is insufficient thermal energy 
to permit gyrations and other motion in the molecular 
chains. This is associated with the glassy state. At 
temperatures above Tg there is sufficient energy for 
molecular movement and this is associated with the rubbery 
state. High Tgfs are associated with greater chain 
stiffness.
At the melt transition temperature (Tm) the 
crystalline regions of the polymer are in equilibrium 
with the molten state. There is not a sharp melting 
point owing to the imperfect structure of crystalline 
polymers (compared with simple crystals), and therefore 
Tm is a temperature range. High Tm's are associated with
- 15 -
the more perfect crystal structures.
2.4 PROPERTIES 
The usefulness of any material of fabrication is 
largely dependent on its physical properties, which 
include its mechanical, thermal, optical and electrical 
properties. Knowledge of these characteristics aids 
selection of the lowest cost material for any required 
use and processing method.
A summary of the more important properties of 
materials is given, with particular reference to plastics 
and their structure.
2.4.1 MECHANICAL PROPERTIES
Most materials of fabrication are required to bear 
loads and therefore a most important property is strength. 
Hardness, elasticity and brittleness all define certain 
aspects of strength.
Tensile testing yields information about the 
mechanical properties of materials. A test specimen 
is subjected to an increasing pulling force and the 
elongation measured. A graph of stress (force per unit 
area) against strain (percentage increase in length) is 
plotted (Fig. 2.6).
Properties which can be measured from the stress 
curve are ultimate tensile strength, yield strength, 
elongation at break, elongation at yield, and the modulus 
of elasticity. TheyaLso demonstrate (but do not 
measure) plasticity, brittleness and toughness.
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Figure 2.6 Stress-Strain Curves of Typical Polymers
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2.4.1.1 Tensile Strength
Strength is defined as the ability of a material to 
bear load. The limit is reached where the material breaks. 
The stress at which a material breaks in a tensile test 
is known as its (ultimate) tensile strength (Fig. 2.6).
2.4.1. 2 Elasticity
Elasticity is the measure of the ability of a material 
to return to its original dimensions when stress is re­
leased. The modulus of elasticity is the extent of 
elongation with an applied load and is measured by the 
slope of the linear portion of the stress-strain curve 
from the origin.
Polymers are classified as elastomers, plastics, or 
fibres according to their initial modulus of elasticity.
A value of 15 - 150 p.s.i. is typical of an elastomer,
1500 - 15,000 of a plastic, and 150,000 to 1,500,000 of a 
fibre.
2.4.1.3 Yield Stress
When a critical value of stress (the yield stress or 
yield strength) is exceeded most materials undergo perman­
ent irreversible deformation. This deformation is known 
as the plastic strain and the stress-strain curve shows 
the region in which it takes place. The extent to which 
this takes place is known as the plasticity of the material. 
There is no satisfactory simple parameter defining plastic 
behaviour.
The yield strength and yield elongation are often 
more practical measures than ultimate strength and 
elongation owing to plastic strain.
Plasticity involves large increases in strain with 
little increase in stress.
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2.4.1.4 Brittleness
Further increase in stress past the yield stress 
eventually fractures the specimen. If little or no 
plastic strain occurs before fracture the material is said 
to be brittle; if considerable plastic strain takes place 
it is said to be ductile.
2.4.1.5 Toughness
The area under stress-strain curves is the integral 
of force acting through distance and is therefore an index 
of the energy absorption capability of a material before 
failure. Toughness, a comparative term related to the 
ability of a material to resist impact loads, is related 
to this area.
2.4.1.6 Polymer Stress-Strain Curves
Stress-strain curves of polymers have been divided
into five classes by Carswell and Nason, and an example of 
each is shown in Fig. 2.7.
(a) Hard and Tough These polymers have a high modulus
of elasticity, yield stress, ultimate tensile strength, 
and elongation at break. This corresponds to the polymer 
that is capable of having the chains straightened under 
stress, yet retains sufficient entangling to prevent chain 
slippage. This is usually found in high molecular weight 
crystalline polymers. The long chains provide many en­
tangling points in the amorphous regions and the crystalline 
regions contributing to the high strength. Typical 
polymers possessing this curve are cellulose acetate and 
certain polyamides.
a) Hard and tough b) Hard and strong
d) Soft and weakc) Hard and brittle
e) Soft and tough
Figure 2.7 Typical polymer stress-strain curves
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(b) Hard and Strong These polymers have a high modulus 
of elasticity, yield stress, and ultimate tensile strength 
with moderate elongation at break. This corresponds to 
glassy polymers approaching their glass transition temper­
ature. Typical polymers with these properties are rigid 
E.V.C. and polystyrene copolymers.
(c) Hard and Brittle These polymers have a high modulus 
of elasticity and ultimate tensile strength with low 
elongation at break. This corresponds to polymers in
the glassy state whose molecules lack the freedom to 
gyrate and are therefore less able to stretch under stress. 
These polymers become more brittle at low temperatures and 
more ductile as temperatures approach their Tg. Typical 
examples are polystyrene, polymethyl methacrylate and 
certain phenol-formaldehyde polymers.
(d) Soft and weak These polymers have a low modulus of 
elasticity, yield stress, and ultimate tensile strength, 
with moderate elongation at break. This behaviour is 
typical of polymer gels.
(e) Soft and Tough These polymers have a low modulus of 
elasticity and yield point, with high elongation at break 
and a tensile strength usually much higher than the yield 
stress. This behaviour is typical of the rubbery state 
and typical polymers with this kind of curve are rubber 
and plasticised P.V.C.
2.4.1.7 Hardness
Hardness is defined as the resistance of a material 
to indentation. There are standard methods and scales 
for determining this property. It is often measured by the 
indentation caused by a steel ball or diamond cone.
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2.4.2 TEMPERATURE
The relation between polymer structure (and properties) 
and temperature can be illustrated by the characteristic 
graphs of modulus of elasticity versus temperature. The 
characteristic curves for typical polymers of low Tg 
amorphous, high Tg amorphous, and low Tg crystalline 
are illustrated in Figure 2.8. The curves are those for 
rubber, polystyrene and LDPE.
Consider the case of the low Tg amorphous polymer 
(Curve 1). Certain main regions of the curve can be 
identified.
(a) Below Tg there is a region of constant high modulus.
In this temperature range there is no chain motion and the 
polymers are quite hard, stiff and often brittle. Small 
scale elastic deformation is possible, however, because 
carbon-carbon bond-angles may be stretched slightly.
(b) In the range of Tg there is a sharp drop in modulus, 
the mid point of which on the temperature scale is associated 
with the glass transition temperature. A temperature rise 
from below Tg is accompanied by the onset of chain motion, 
usually involving segments of the backbone chain. Functional 
groups, if present, may begin motion at different temper­
atures and multiple transitions may be observed. The 
polymer changes from being hard and.brittle to being rather 
leathery. As temperature is further increased modulus 
decreases and the polymer becomes more elastomeric due to 
large scale molecular motion.
(c) There is a region above Tg, but below Tm of relatively 
constant low modulus. The molecules in this region have
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considerable segmental motion and are continuously un­
dulating under the influence of thermal energy. When 
stretched the molecules are partially oriented in the 
direction of stretch, but the molecular entanglements and 
crosslinks are still operative and act as a kind of anchor 
restoring the polymer to its original shape after release 
of stress. The polymer is quite flexible and depending on 
its structure (chain stiffness, branching etc.) may have a 
fairly high degree of elasticity. As temperature is 
increased further, the entanglements become less frequent 
and less permanent, and molecular motion increases.
(d) A further drop in modulus is observed at the higher 
temperatures associated with Tm. The molecules become 
capable of free flow and may slide over one another with 
relative ease. The polymer is similar to a viscous free- 
flowing liquid. This is the state used for moulding.
These properties are modified by crystallinity 
(curve 2, Fig. 2.8). The modulus does not drop 
precipitously as it does in the amorphous case, because 
the crystalline forces reinforce the structure. Thus, 
even though the amorphous regions are capable of segmental 
motion, the overall effect is reduced by the crystalline 
regions. The crystalline forces are gradully overcome as 
temperature increases and molecular motion also increases. 
At the melting point the crystalline forces are completely 
overcome and the polymer becomes a very viscous liquid.
2.4.3 RHEOLOGY
Rheology is the study of time dependant deformation 
processes. These properties in polymers are also related 
to Tg and crystallinity.
- 24 -
T ^  Tg The hard glassy material exhibits elasticity as 
the result of stress and does not flow, but suffers small 
reversible deformations as a result of the stretching of 
the carbon-carbon bond angles.
T>_.Tg A certain amount of orientation of polymer molecules 
over small regions takes place under stress. After re­
laxation of the stress they slowly return to their original 
shape due to chain entanglements. This behaviour is known 
as visco-elasticity.
T^ Tm Irreversible viscous flow takes place under stress 
in the liquid-like region. The measure of this is known 
as melt viscosity and is an important property in the 
processing of polymers.
Crystallinity Crystallinity gre&tly reduces the flow 
properties of polymers.
A summary of various properties related to structure 
is presented in Table 2.1.
2.4. .4 OPTICAL PROPERTIES
Glassy state polymers are usually transparent. Greater 
orientation of molecules results in reduced transparency 
and crystalline polymers are usually opaque (due to 
reflections at crystal boundaries).
2.4 .5 ELECTRICAL PROPERTIES
Below their electrical break down point, all polymers 
are insulators and many are used as such. Contamination 
with ionic materials such as polymerization initiators 
can reduce the volume res is tMty and make them unsuitable 
for this purpose.
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Table 2.1 Summary of Polymer Properties
Amorphous Crystalline
T< Tg Glassy T>Tg Rubbery T>Tm
Tensile
Strength
High Mode rat e - Moderate-
High
Elasticity Low High - Low - 
Moderate
Plasticity V. low Moderate : - High
Toughness Low Moderate - High
Brittleness High Low - Moderate
Rheology Elastic Visco-
Elastic
Visco­
elastic
Impact
Strength
Low Moderate - High
Modulus Moderate Low - High
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2.4 .6 DENSITY
Comparison of properties in terms of stress, strain 
and modulus are comparisons based on equal volumes of 
material. In many cases weight is an important consideration. 
Density measures weight per unit volume, and properties may 
be compared on a density basis (Table 2.2).
Plastics are less dense than metals, and lighter, 
strength for strength, than many other materials. They 
may thus be used to save weight in such applications as 
luggage containers, for aircraft.
Closer packing increases density and therefore a 
polymer in the crystalline state is the densest, followed 
by the glassy and rubbery states.
2.4.7 MOLECULAR WEIGHT
Lower molecular weight compounds crystallize more easily 
as the chains are shorter. Increasing molecular weight 
increases melt viscosity.
Many physical properties such as density increase 
with increasing molecular weight and reach a relatively 
stable value at moderate,molecular weights. Toughness 
increases with molecular heights because of the resultant 
greater chain interactions.
2.4.8 CHEMICAL PROPERTIES
Generally speaking synthetic polymers are fairly 
inert. Certain polymers are used for storing hazardous 
chemicals for this reason. Chemical properties are • 
summarized in Section 2.5 in the descriptions of the 
various polymers.
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2.5 CLASSIFICATION
All plastics materials are divided into two classes 
according to the action of heat on them.
Thermoplastics soften on heating and may be "formed" 
into shapes which are retained on cooling. The 
softening-hardening cycle can be repeated since it does not 
involve chemical changes, and the plastic can be reformed 
a number of times without significant change in its properties.
Thermosets are formed by chemical cross-linking 
which is sometimes brought about by heat and pressure. Once
the plastic has been formed its shape is permanent and 
it cannot be reprocessed. Heating formed thermosets merely 
degrades them.
Thermoplastics are made up of bifunctional groups 
to form chains and thermosets are made up of tri- or 
multi-functional groups to form cross-linked three 
dimensional structures.
2.5.1 THERMOSETS
The structure of thermosets results in them being 
hard, rigid, strong and often brittle. Final polymerisation 
is generally effected at the time of forming either by heat 
curing, or chemically by using catalysts and accelerators.
Thermosets have higher moduli, greater hardness and 
dimensional stability, and can generally withstand higher 
service termperatures than the thermoplastics.
Thermosets were once more widely used than thermo­
plastics, but the improved properties, ease of processing 
and reduction in price of the latter have resulted in their
- 29 -
overtaking the thermosets.
The properties of various thermosetting materials 
are given in Table 2.3. and brief descriptions of the more 
important thermosets follows.
2.5.1.1 Phenoplasts
Phenoplasts are thermosetting resins made from phenols, 
or occasionally cresols, and aldehydes, usually formaldehyde. 
They are used for mouldings, castings, laminates and ad­
hesives .
Phenol-formaldehyde (P/F) mouldings have high physical 
strength, high temperature resistance, good dimensional 
stability and superior electrical qualities. P/F resin 
is often used with fillers such as woodflour, fabrics and 
asbestos, to lower costs and also to enhance certain 
properties. They have high resistance to most solvents and 
chemicals. Their colour, however, is restricted to black 
or brown.
2.5.1.2 Aminoplasts
Aminoplasts are made from an amine and an aldehyde.
The most important of which are urea-formaldehyde (U/F) 
and melamine formaldehyde (M/F). They are used for 
mouldings, laminates, surface coatings and adhesives.
They are hard, rigid, abrasion resistant, have good 
dimensional stability under load, have good solvent 
resistance and chip resistance, are self-extinguishing, 
static free, and have superior electrical qualities. They 
are often strengthened by the addition of reinforcing 
materials such as wood, cellulose, glass and minerals.
They are also easily coloured by pigments.
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2.5.1.3 Polyesters
There are two types of polyesters; unsaturated and 
saturated.
Unsaturated polyesters used for laminating and casting 
resins are based on dibasic acids and dihydric alcohols.
Unsaturated polyesters used for mouldings, paints and 
surface coatings are based on unsaturated acids and di­
hydric alcohols. They are knownas alkyds.
Saturated polyesters used for fibres and films are based 
on the reaction of terephthalic acid with ethylene glycol 
and are linear, high molecular weight polymers which do not 
undergo any crosslinking and are therefore not thermo­
setting.
Generally, polyester moulded parts have excellent 
resistance to high temperatures and strong chemicals, 
superior electrical qualities, and hard shiny surfaces.
They are widely used with glass fibre and other reinforcements 
for very high physical strengths.
2.5.1.4 Polyurethanes
Polyurethanes are produced as the result of the 
reaction between an aromatic di-isocyanate and a 
compound rich in hydroxyl groups.
Polyurethanes are used for mouldings, surface coatings, 
adhesives, rubbers and foams.
Foams can be produced in a wide variety of densities, 
which have higher load capacities than natural rubber 
foams of equivalent density. They can be made rigid or 
flexible, have high resistance to rot, vermin and many 
organic solvents, and have good thermal and acoustic 
insulating properties.
Polyurethane rubbers have excellent physical properties, 
but have relatively poor resistance to hydrolytic agents 
(e.g. acids).
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2.5 .1.5 Epoxy Resins
Epoxy resins are polymers whose Mmersn are linked 
by oxygen atoms. The most widely used are those derived 
from the condensation reaction between epichlorhydrin 
and bisphenol A.
They are used for adhesives, surface coatings., 
laminates and casting. They are usually modified?by 
diluents, flexibilizers and/or filters.
Epoxy resins are extremely tough, have low curing 
shrinkage and have excellent thermal, chemical,, solvent 
and water resistance.
2.5.2. THERMOPLASTICS
The properties of a number of thermoplastic materials 
are given in Table 2.4 and a description of the major 
thermoplastics follows.
2.5.2.1 Polyethylene
Polyethylene is the most widely used plastic material 
and is manufactured in two main types. These have 
different properties and are known as low density poly­
ethylene (LDPE) and high density polyethylene (HDPE).
LPDE is made by a high pressure polymerisation of 
polyethylene:-
n CH0= = C H   X —  CH0 -CH0—  )z z z z n
The polymer has occasional oxygen bridges between chains
and there is about 2% chain branching arising from
intramolecular chain transfer processes. It is a tough,
waxy mainly linear polymer of molecular weight 10,000 -
40,000, and density 0.92 g/cm^. The degree of crystallinity
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is 55 - 70%.
HDPE is made by the low pressure, low temperature 
Ziegler method of polymerisation. The product is un- 
branched and crystalline (75-90%) with density of 0.97 g/cm . 
The greater crystallinity must be due to the lack of 
branching and crosslinks as there are no side groups to 
hinder packing.
Properties. Increasing the density of polyethylene 
raises the softening point, increases rigidity and surface 
hardness, and decreases impact strength. The most 
significant difference between LPDE and HPDE is that the 
softening temperature of the latter is above the temper­
ature of boiling water.
Polyethylenes are resistant to most chemicals except 
oxidising acids, free halogens, and certain ketones. At 
room temperature they are insoluble in all solvents, but 
at elevated temperatures the solubility in hydrocarbons 
and chlorinated hydrocarbons increases sharply. HDPE 
has markedly the bwo: solubility. LDPE has poor resistance 
to oils and greases, but improvement is obtained by in­
creasing density and molecular weight. Neither have 
any affinity for ordinary dyes and must be modified or 
pigmented for colouring.
Polyethylene is, however, susceptible to oxidation 
initiated by heat and ultraviolet light.
It is subject to environmental stress cracking when 
in contact with certain polar liquids and vapours.
LDPE is used for film, coatings, injection moulding, 
blow moulding and piping.
HDPE is used for film, injection moulding, blow 
moulding; piping and monofilaments.
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2.5.2.2 Polypropylene
Polypropylene (PP) is manufactured from propylene by 
the Ziegler Process.
n CH.
CH CH, ■>
CH.
CH •CH-
n
The product is unbranched and stereoregular, density 
0.9 g/cnr*. The Ziegler process is unique in that it 
invariably yields stereoregular products (iso- and 
syndiotactic).
In general, the properties of PP are similar to those 
of HDPE; those significantly better being hardness and • 
softening point, while impact strength is lower. In 
thin sections it has high resistance to flexing and it is 
possible to mould articles with built-in hinges.
Its resistance to chemicals is similar to polyethylene 
with improved oil and grease resistance. It is not 
subject to environmental stress cracking and has no 
affinity to ordinary dyes.
As a branched chain hydrocarbon polymer it is very 
liable to oxidation which is promoted by heat, light or 
trace metals. For this reason it is usually compounded 
with other chemicals (antioxidants) which prevent its 
being readily oxidised.
Polypropylene is used for injection mouldings, ex­
trusions and monofilaments.
2.5.2.3 Polystyrene
Polystyrene (PS) is manufactured from styrene by 
conventional addition polymerisation techniques.
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CH = CH,
0
The product is crystal clear and amorphous in 
structure.
General purpose polystyrene is colourless; transparent 
and has a metallic ring when struck. It is hard and 
brittle, has a fairly high tensile strength, high refractive 
index and excellent electrical properties. It is a mobile 
liquid at 140°C, well suited to injection moulding.
A wide variety of grades are made for specific purposes, 
with differing average molecular weights. In addition 
polystyrene is copolymerised with 3-10% butadiene or 
styrene-butadiene rubber to get a much tougher product 
than polystyrene known as impact polystyrene. This 
cannot be obtained in transparent form.
Polystyrene is resistant to strong acids and bases, 
and is insoluble in aliphatic hydrocarbons and the lower 
alcohols. It is soluble in esters , aromatic hydrocarbons, 
higher alcohols and chlorinated hydrocarbons.
Polystyrene is used for injection mouldings, ex­
trusions and blow mouldings.
2.5.2.4 ABS
ABS polymers are copolymers of acrylonitrile, butadiene 
and styrene and are made in different grades by varying the 
proportions of the monomers. ABS copolymers are two 
phase systems with the rubber element dispersed in the 
rigid styrene-acrylonitrile copolymer (SAN) matrix. SAN 
are plastics in their own right, but not widely used.
ABS copolymers are very tough, with high ridigity,
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impact strength and abrasion resistance. They have good 
dimensional stability and are the easiest of all thermo­
plastics to electroplate. They readily accept decoration 
or paint and have excellent embossing properties.
They are used for extrusions, injection mouldings.
2.5.2.5 Polyvinyl Acetate
Polyvinyl acetate is made by conventional addition 
polymerisation techniques from vinyl acetate.
CH2= = C H O C O C H 3  ---» “”CH2 CH“
ococh3
♦
PVA is odourless, tasteless, slow burning, colourless 
and is insoluble in water, fats, waxes and aliphatic 
hydrocarbons. It is used for paints and adhesives, 
heat-sealing films , flashbulb linings.
2.5.2.6 Polyvinyl Chloride
Polyvinyl chloride is made by the addition polymerisation 
of vinyl chloride.
CH2= C H C 1  -> — ch2------CH—
cl
The product is a white, fluffy powder, which can 
be moulded into a rigid block.
It is hard and tough (but not brittle) and 
difficult to process. The carbon-chlorine dipole gives
0
it a moderate tendency towards crystallinity and it tends 
to be opaque or slightly translucent.
PVC is the most versatile of all plastics and competes
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with polyethylene as the most widely used. The reason 
for this versatility is that it can be compounded with 
"plasticisers" to give any desired degree of softness 
between rigidity and extreme pliability. Other compounds 
can be added to aid processing, to stabilise the material 
to weathering, and to reduce costs. These are known as 
lubricants, stabilisers and fillers.
Properties depend on molecular weight, the lower
molecular weight polymers being soluble in a wide range
of solvents, while the higher molecular weight materials
are insoluble. The high chlorine content accounts for the
polar nature of PVC, which makes it resistant to petrol and
♦
mineral oils, but soluble in solvents such as acetone 
and chlorinated hydrocarbons. It is also resistant to 
most acids and alkalis. It has high resistance to 
weathering when suitably stabilised.
The end uses are related to molecular weight as 
shown in the table below.
Molecular weight End Uses
9,000 Surface coatings
10,000 Calendering, coatings
12,500 Compression mouldings, 
Injection mouldings
21,000 Cable sheathing, 
Extrusions
22,000 Textile fibres
Many copolymers of PVC are available for special 
applications.
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2.5. 2.7 Acrylics
"Acrylics" covers methacrylates, arylates and polymers 
based on acrylonitrile, the most important of which are 
polymethyl methacrylate and polyacrylonitrile.
A wide range of properties are possible, depending on 
the monomers used. For both polyacrylates and poly­
methacrylates the lower esters are tougher, harder and 
have higher softening points than the higher esters.
Polymethyl methacrylate has excellent transparency and 
good resistance to weathering. It is resistant to 
alkalis, most dilute acids and aqueous solutions of in­
organic salts. It is soluble in most ketones, esters 
and aromatic and chlorinated hydrocarbons. *
It is used for injection mouldings, extrusions, 
compression mouldings coatings, paints and adhesives.
Polyacrylonitriles are used in fibres which have 
good resistance to chemicals, heat and moisture.
Copolymerisation of acrylonitrile and butadiene, 
yields the acrylic rubbers which are resistart to solvents 
and oils.
2.5.2.8 Polyamides
Polyamides are more commonly known as nylons and are 
condensation polymers of di-acids and diamines. The 
names of the nylons are taken from the number of carbon 
atoms in the parent amine and acid (e.g. nylon 6,6 from 
hexamethylene diamine and adipic acid).
The general structure is an alternation of hydrocarbon 
groups and imido-groups. The presence of the polar imido- 
groups increases intermolecular forces leading to greater
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crystallinity and high melting points.
Nylons are tough materials with high tensile strengths 
and a marked resistance to abrasion. They are resistant 
to most inorganic reagents, most organic acids, alkalis and 
organic solvents. They are attacked by oxidising agents, 
concentrated mineral acids, concentrated formic acid and 
glacial acetic acid. They are soluble in phenols, hot 
formamide, formaldehyde, hot benzyl alcohol and hot 
nitrobenzene.
Strong sunlight has an adverse effect on mechanical 
properties.
Nylons are used for film, coatings, fibres and mono-
♦
filaments, adhesives, printing inks, mouldings and 
extrusions. They are often filled with glass.
2.5.2.9 Cell ulosics
Cellulosics are based on cellulose which is obtained 
from cotton lintners and wood pulp. Cellulose is a 
natural polymer based on glucose.
There are five main types of cellulosics: nitrates, 
acetates, propionates, butyrates and ethyl cellulose. 
Nitrates are the toughest of these, but are highly in­
flammable and explosive; difficult to process except 
by sheet thermoforming and embrittles with age. Acetates 
are much easier to process and as not explosive, they have 
brilliant transparent colours, but poor solvent resistance 
and also embrittle with age. Propionate and butyrate 
have improved chemical and weather resistance and much 
less tendency to embrittle with age. Ethyl cellulose 
has very high shock resistance, but poor Outdoor resistance..
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2.6 FABRICATION OF PLASTICS
Plastics are fabricated by a number of processes, the 
most common of which are summarised in Table 2.5, which 
also gives the polymers used with each process and examples 
of products.
The tools for the fabrication of plastics are known 
as dies and moulds.
Moulds in their simplest form consist of two steel 
blocks placed one above another, fitting together tovform 
the required cavity. The two blocks are aligned by pins, 
which project from the upper half of the mould into accurately 
drilled holes in the lower half. The two halves of the 
mould placed opposite one another are locked together by 
pressure for injection moulding.
Dies used in extrusion are shaped metal orifices 
bolted to the end of the extruder to determine the 
shape of the extruded product.
2.6.1. BLOW MOULDING
Blow moulding is used to fabricate hollow plastics 
containers and items of both regular and irregular shape.
The softened plastics material is extruded (2.6.5) 
vertically downwards generally in the shape of a tube, 
into a hollow metal mould. The mould is closed, and 
the bottom end of the extruded plastics tube is sealed. 
Compressed air is introduced into the tube from the top* 
which forces the material to assume the shape of the mould.
The mould is normally cooled to promote the rapid cooling
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of the plastic and thus achieve more rapid fabrication.
Blow moulding can be used to fabricate containers 
ranging in capacity from a few millilitres up to several 
hundred litres. It is a relatively rapid process which 
is normally integrated with printing and can also be 
integrated with filling and sealing.
2.6.2 CALENDERING
Calendering is basically a continuous extrusion (2.6.5) 
process which takes place between a pair of cylindrical 
rollers.
A heated mass of the polymer, normally mixed with
*
plasticisers and fillers is passed through a series 
of precision machined, heated rollers which calliper the 
material to the required thickness. Both smooth and 
textured surface finishes can be produced by this process. 
Calendering is a rapid and economic process for the fabric­
ation of uniform thickness plastics sheet. .
2.6.3 COATING
Plastics material is coated on to another material 
to give special barrier or sealing properties. Paper 
is coated by the extrusion of a thin layer of plastics 
directly onto the paper.
2.6 • 4- COMPRESSION AND TRANSFER MOULDING
This form of moulding is confined almost entirely 
to the fabrication of thermosets, being little used 
for thermoplastics.,
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The moulding material, often in powdered form, is 
introduced to the mould, which is heated and then closed. 
Increased pressures and elevated temperatures cause the 
material to soften and flow, thus filling the mould cavity. 
The temperature is maintained to induce the irreversible 
chemical crosslinking reaction which causes the moulding 
to harden. The "set11 moulding may be removed from the 
mould while still hot.
Transfer moulding is a variation of compression 
moulding in which the moulding material is first heated in 
a separate chamber and then forced under pressure into the 
heated mould where the cross linking reaction takes place.
*  -
2.6.5 EXTRUSION
Extrusion is a process in which molten thermoplastic 
material is continuously forced through a shaped orifice.
The plastics material in powdered or granular form,
is fed into a heated barrel containing one or two 
Archimedian screws. The material is melted in the barrel 
and forced by the screw(s) through a die from which the 
product of the required profile emerges.
A variation of the process, ram extrusion, can be 
used with thermosetting resins and with some high molecular 
weight thermoplastics which do not lend themselves to 
screw extrusion. The plastics material is forced 
through a die by a reciprocating ram.
2.6.6 FILM BLOWING
Film blowing is the most common method of manufacturing 
plastics film.
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A tube of plastics material is extruded through a cir­
cular die; it is inflated internally by air which expands 
the initial extrusion up to several times its diameter to 
give a bubble of uniform diameter, and film of uniform 
gauge. The film is allowed to cool as it moves further 
away from the die. It is then passed over a series of nip 
rolls on to a wind up unit. Sometimes the film is slit 
before winding.
2.6.7 FILM CASTING
In film casting thermoplastic material is extruded 
through a narrow slit die and fed directly onto a highly 
polished roller, which rotates at an appreciably *
greater speed than that at which the melt leaves the die.
Thus the film is drawn to give a product of the required 
thickness. The roller is coated internally with water; 
rapid cooling tends to produce film of very high clarity 
which is desirable for certain types of packaging.
2.6.8 FLUIDISED BED COATING
Fluidised bed coating is used to coat metals with a 
protective or ornamental layer of plastics.
The article to be coated is preheated to a temper­
ature greater than the melting point of the plastics material 
with which it is to be coated. The article is then 
dipped into a bed of dry, powdered plastics material which 
is kept in a fluidised state by an upward current of air 
passing up through it. The plastics particles adhere to 
the metal surface and fuse together to give a coating of. 
uniform thickness. The coated article is sometimes briefly
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heated in an oven after removal from the bed to completely 
fuse the coating and improve its appearance.
2.6.9 INJECTION MOULDING
Injection moulding is the most common method of fabric­
ation, being used with thermoplastics and thermosets. 
Fabrication of the latter by this process is not so 
frequently encountered, but is becoming more common.
The moulding material usually in granular form, is 
fed into a heated cylinder where it is softened. It is 
then forced by a reciprocating screw through a nozzle 
into a preheated split mould. Pressure is maintained for 
a short period during which the moulding cools and solicfifies. 
Pressure is released, the mould is opened to release the 
product, and the cycle.repeated. In early injection 
moulding machines a ram or plunger was used whereas now 
a reciprocating screw is used.
2.6.10 MOULDING OF REINFORCED PLASTICS
The most common reinforced plastics system is glass 
reinforced plastics (G.R.P.). The moulding technique 
for these materials is to cover the mould with successive 
layers of glass fibre and polyester resin until the desired 
thickness is built up. Timber moulds are common and 
quite satisfactory for relatively short runs. Glass 
fibre is often used in the form of chopped strand mats.
The glass fibre/polyester resin are worked by hand and 
compacted with a roller, although a compressed air gun, 
which sprays chopped strands of glass fibre and polyester 
resin simultaneously has been developed.
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2.6.11 ROTATIONAL MOULDING
Rotational moulding is confined to the processing 
of thermoplastics and in particular to PE and plasticised 
PVC. In the case of the latter it is often termed slush 
moulding.
A hollow mould is loaded with a calculated amount of 
material in the form of powder or as a paste (plasticised). 
The mould is simultaneously rotated on two axes at right 
angles, whilst it is passed first through a heating and then 
through a cooling cycle. During the heating cycle the 
material flows inside the mould and covers its sides to give 
a product of uniform wall thickness. For small items 
high output rates can be achieved by using a large numbet 
of moulds simultaneously.
2.6.12 THERMOFORMING
Plastics sheet is heated and when softened is made 
to take the shape of a cool mould. When cooled the sheet 
is removed retaining the.mould shape. The various methods 
of thermoforming are vacuum, in which the plastic material 
is forced in to the mould by negative pressure; drape, in 
which the weight of the sheet causes it to take the shape 
of the mould; bubble, in which air pressure shapes the 
sheet; pressure, in which the sheet is forced into 
the mould by pressure.
2.6.13 OTHER PROCESSES
Various additional processes are used in the fabric­
ation of plastics products. The main ones are:-
i
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Printing: an ink image is printed onto plastics products
either before, or after fabrication, as appropriate. 
Sealing: plastics packs are closed by various methods in­
cluding heat sealing and the use of adhesives.
Slitting: film is slit into narrow strips or tapes.
These are either used as such, or further processed 
for example as woven sacks.
Spreading: A thermoplastics compound, in paste form, is
spread over a fabric base, passed under a knife to 
remove the excess, and then heated to bind together 
compound and base.
Welding: thermoplastics sheets or films may be joined by
a number of welding methods including hot gas, solvent, 
ultrasonic and radio frequency welding.
Shrink wrapping: film, having been stretched at a given
temperature, is then cooled. Subsequently, when 
heated again the film reverts to its original di­
mension and shrinks onto the object(s) loosely.packed 
inside it.
In addition, plastics are often worked by engineering 
techniques, machining, cutting, stamping, drilling etc.
2.7 EXAMPLE OF SELECTION OF MATERIAL AND
PROCESS
The selection of material for a particular process may 
be demonstrated by considering the case of the common 
household bucket.
The mechanical properties required are moderate
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(tensile strength of 6000 - 8000 psi and impact strength 
of about 1 ft.lb./in.izod). It must be sufficiently rigid 
to hold two gallons of water, but some flexibility is 
desirable to absorb bumps and knocks during service. 
Electrical properties are unimportant, but water resistance 
must be good. Heat resistance must be adequate for very 
hot water, but not necessarily any heat over 100°C. It 
must be produced in large quantities ( 100,000 p.a.) and
should be priced below 40 p. retail (1968). Market 
studies indicate that it should be available in a wide range 
of colours.
The size, quantity needed, and price suggest injection
*
moulding of a thermoplastic material. A study of the 
costs and properties of the various plastics materials will 
show that, in general the thermoplastics will have the 
required properties at a lower cost than the thermosets.
In addition they are more adaptable to high speed mass 
production techniques such as injection moulding.
The cellulosics are ruled out due to poor dimensional 
stability above 50°C. The polystyrenes are also subject 
to heat distortion above 80°C. Further study reveals 
the HDPE is available in grades which do not distort until 
the temperature is over 110°C. Moreover, the past 
experience of other processors has shown that polyethylene 
is often a logical and effective choice for this type of 
item.
Further analysis shows that the tensile and impact 
strengths are sufficiently great for the purpose and that 
the material is available in a wide variety of colours. 
Finally, the current published prices of the material 
place it well within the required range.
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PLASTICS:
CHAPTER THREE
GROWTH OF INDUSTRY AND CONSUMPTION
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3.1 THE RISE OF PLASTICS
Organic chemists in the latter part of the nineteenth 
century frequently observed the formation of synthetic 
polymers. These products (uncrystallisable syrups and 
infusible solids) were discarded as they proved intractable 
to the standard methods of organic chemistry. The reaction 
between phenol and formaldehyde to give resinous products 
was first observed in 1891 and various efforts to develop 
these as substitutes for shellac were conducted at the 
turn of the century. These efforts proved unsuccessful 
until Baekeland investigated the effects of pH and of the 
phenol-formaldehyde ratio on the course of the reaction.
He formed the General Bakelite Corporation in 1909 and 
marketed phenol-formaldehyde compression mouldings, in­
sulating varnishes and laminated sheet for motor and 
electrical manufacturers.
The first thermoplastic was not commercially utilised 
until 1928, with the introduction of polyvinyl acetate by 
Union Carbide. By 1939 three of the five major thermo­
plastics had been brought into production, albeit on a 
small scale. These were low density polyethylene, poly­
vinyl chloride and polystyrene.
New polymers have been discovered and utilised 
regularly (Table 3.1), but only three major tonnage polymers 
(terylene, polyacrylonitrile and polypropylene) have 
been introduced since the Second World War.
The British production of synthetic polymers before 
the War was about 25,000 tonnes, which consisted almost 
entirely of phenol-formaldehyde and urea-formaldehyde 
thermosetting resins.
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During the War a wider range of polymers was brought 
to the production stage in order to substitute for other 
scarce raw materials. Synthetic rubber manufacture was 
necessary to the war effort of both the Allied ‘and 
Axis powers. Polyvinyl chloride was used for raincoats, 
boots etc; polyethylene, polymethyl methacrylate and 
nylon for the aircraft and electrical industries. The 
stage was set for the rapid growth which was to take 
place in the 1950*s and continue until the present day.
The major remaining obstacle to this growth was that 
synthetic polymers, and in particular the highly desirable 
thermoplastics were made from costly raw materials and 
therefore only used where their particular properties were 
at a premium. The alkenes required for synthetic polymers 
were obtained either by dehydration of alcohols produced 
by fermentation, or by the addition reactions of carbide- 
derived acetylene, both of which were quite expensive.
The.Americans had developed cracking processes for 
petroleum which yielded large quantities of C^-C^ compounds 
and their chemical industry started using these as a feed­
stock in the 1930's. European manufacturers continued 
using the more expensive raw materials until the 1950*s.
The changeover to petroleum based raw materials was 
probably the starting point for the rapid growth which 
has occurred.
In Britain, for example, the changeover from ethanol- 
based ethylene to petroleum-based ethylene in 1952 meant 
a drop in price of raw material from about £250 per ton to 
about £90 per ton for the production of polyethylene (Russell).
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Polyethylene production rose from about 2000 tonnes in 1951 
to 17,000 tonnes in 1954.
World production of synthetic polymers was about
1.5 million tonnes in 1950 (Britain 180,000 tonnes) and 
reached about 43.3 million tonnes (Britain 2 million tonnes) 
in 1973 (U.N.Statistical Yearbook).
Thermoplastics have shown the most rapid growth, which 
has been due to their great versatility and also to the 
competitiveness of their price which actually decreased over 
most of the two decades from 1950, whilst the prices of 
other raw materials increased. The wholesale price 
indices of various materials and products since 1963 
are shown in Table 3.2, which illustrates that plastics * 
materials have retained this advantage over the decade 
to 1972.
Thermosetting plastics production and consumption has 
grown more slowly and now accounts for less than 25% of 
the total plastics consumption.
Plastics'production rose above 0.5 million tonnes 
in 1960 and consumption above this level in 1962. Both 
consumption and production are now about 2 million tonnes, 
70% of which is accounted for by five major thermoplastics, 
low density polyethylene, polyvinyl chloride, polystyrene, 
polypropylene, and high density polyethylene.
Plastics consumption and production statistics are 
presented in Tables 3.3 - 3.8.
3.2 PLASTICS CONSUMPTION
Plastics are now used in a wide variety of applications
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and in a large number of industries (Tables 3.9 - 3.15). 
The building and packaging industries account for nearly 
half of the annual consumption of plastics. Fourteen 
industries, which account for about 75% of total usage 
are catering, packaging, building and construction, 
electrical and electronics, land transport, furniture, 
housewares, consumer durables, fancy goods display and 
toys, agriculture and fisheries, handling and storage, 
footwear, shipping, and general industrial.
Detailed statistics on plastics consumption prior 
to 1968 appear to be unobtainable with the exception of 
those obtained from RAPRA and reproduced in Table 3.9.
3.2 .1 CATERING
The catering industry started using larger quantities 
of plastics as the trend towards "disposable" articles 
gathered ground. This trend has been accentuated by the 
use of automatic vending machines which also require 
"disposable" materials in which to serve their food or 
drink. The use of disposable materials in this industry 
is primarily a labour saving device.
"Disposable" plastics cutlery and cups are large end- 
uses for polystyrene.
3.2 .2 PACKAGING
Thermosetting closures were used before the Second 
World War, but the market only really started to expand 
in the 1950fs with the introduction of moulded flexible 
bottles.
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During the I960*s fundamental changes took place in 
the retailing, wholesaling and food production industries, 
which resulted in a rapid growth of the packaging industry. 
Self service supermarkets were established as the major 
method of retailing which caused corresponding changes in 
the wholesaling sector and provided an ideal market place 
for convenience goods.
Supermarkets put all their wares on display so they 
may be examined (and handled) by the customer, and there­
fore most items require packaging which will both display 
well and provide protection. With large numbers of items 
to be packaged it is also desirable that the packaging 
operation should be automatic.
Bulk handling and transport, and automatic warehousing 
are becoming a feature of the wholesale industry due to the 
demands of the supermarkets. The ideal packaging materials 
for these operations should be drong and light
Convenience foods are consumed in large quantities 
and the packaging operation must be both rapid and hygienic. 
The package should display the food and also protect it.
These changes have resulted in the rapid growth of 
the packaging industry, which has exceeded that of overall 
industrial production.
Plastics are well suited to packaging applications, 
as they have a wide range of properties: light, strong,
easy to fabricate, may be clear or coloured, etc. This 
is illustrated by the fact that the use of plastics 
materials in this industry has doubled over the last six 
years and the growth rate has exceeded that of other 
packaging materials. In fact, plastics have made gains in
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virtually all the material fields, with the exception of 
tinplate (Mills).
In 1972 plastics held 13 per cent by value of the 
packaging market (Mills) which accounted for about a 
quarter of total plastics consumption. Packaging is 
the largest single market for plastics materials. The 
food, drink and allied industries accounted for nearly half 
of plastics packaging, whilst rather below a third was 
used by the chemical and allied industries (Mills).
Low density polyethylene has by far the largest 
market share accounting for over half of plastics 
packaging in 1973, followed by high density polyethylene (13%), 
polystyrene (11%), polyvinyl chloride (10%), and poly­
propylene (9%) and thermosets ( 4%).
3.2.3 BUILDING AND CONSTRUCTION
Thermosetting plastics were used before the War 
as adhesives for plywood, and since then in the pro­
duction of chipboard and blockboard.
Polyvinyl chloride was first used in floor tiles 
and later for roof sheet, and rigid rainwater goods.
Pipework and fittings are now the major end-use for 
plastics in this industry.
The tonnage of plastics used increased 140% between 
1962 and 1968 (NEDO) compared with 43% for all building 
materials. This has been partly due to a cost effect 
(Table 3.2) and partly to innovation.
The building and construction industries are the 
second largest market for plastics, accounting for about 
12% of total consumption in 1973.
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The market shares of the major thermoplastic polymers
in 1973 were:
Polyvinyl chloride 58%
Low density.polyethylene 14%
Polypropylene 3%
Polystyrene 2%
High density polyethylene 1%
3.2.4 ELECTRICAL AND ELECTRONICS
The electrical industry was the first to make use of 
plastics, where they were used because of their insulating 
properties. Thermosetting plastics were first used to 
replace rubber, porcelain and brass.
This industry was also the first to use LDPE and PVC,
which were utilised to sheath electrical cables and wires.
This application quickly established itself in the 1950*s 
and is now the major market for plastics in this industry 
(60% in 1973). It is virtually a saturated market for 
plastics,dependent only on the amount of wire and cable 
produced.
The market share of the major polymers in 1973 was: 
PVC 50%
LDPE 19%
PS 4%
HDPE -1%
PP 0
3.2.5 LAND TRANSPORT
Plastics were first used as electrical fittings 
(e.g. distributor caps) in this industry before the War.
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PVC is now used for upholstery and internal trim in . 
cars, PU foams for seating and padding, and other polymers
radiator fans, light lenses etc.
The average weight of plastics per passenger car has 
increased from 2 kg. in 1955, 6 kg. in 1960, 15 kg. in 
1965 to 22 kg. in 1968.
The market share of the major polymers in 1973 was: 
PVC 26%
LDPE 3%
HDPE 3%
PS 1%
PP n.a.
3.2.6 FURNITURE
Thermosetting resins have been used as woodworking 
adhesives since the 1940*s, and later in chipboard, block- 
board and decorative laminates.
Plastics are now widely used in mass produced chairs, 
kitchen furniture, upholstery, cushioning and padding.
PVC is used for upholstery; PP for chairs; PS and 
rigid PU foams for structural chair shells and other 
mouldings; flexible PU foams as cushioning.
The market share of the major polymers in 1973 was:
for specialist mouldings such as radiator grilles
PVC
HDPE
PS 5%
1%
LDPE 0
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3.2.7 HOUSEWARES
Housewares were one of the earliest applications for 
plastics, which arose with the introduction of cheap petro­
chemical feedstocks to the plastics industry. Plastics
are the ideal raw material for this industry as they are
well suited to mass production of low cost items. There 
has been considerable displacement of other materials and 
future growth will be closely linked to movements in the 
total market (NEDO).
Kitchenware is the major sector, accounting for over 
half the plastics comsumption in this industry.
Market shares of the major polymers in 1973 were:
PS 34%
LDPE 30%
PP 15%
HDPE 14%
PVC 1%
3.2.8 CONSUMER DURABLES
Plastics are used in the electrical components of a 
wide variety of consumer durables. In the 1960's 
moulded thermoplastic casings for domestic (and industrial) 
equipment were introduced.
The ease both of fabricating complex components and of 
colouring have been major reasons for the use of plastics 
in this industry.
Polymer market shares in 1973 were:
PS 44%
PVC 13% .
PP . 9%
LDPE 1%
HDPE 1%
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3.2 .9 FANCY GOODS, DISPLAY, TOYS
Toys were one of the earliest markets for plastics and 
were used for a wide variety of toys after the introduction 
of cheap polymers in the 1950s. The ease of fabrication 
and colouring properties together with low cost have been 
major reasons for the success of plastics in the toy market.
The versatility of plastics with their low cost has 
led to their use in display and advertising, where often 
coloured complex shapes may be required for a short 
lifetime.
Market shares of polymers in 1973 were:
PS 38%
LDPE 24%
PVC 11%
HDPE 7%
PP 3%
3.2.10 AGRICULTURE AND FISHERIES
Thermoplastics were first used in agriculture in the 
1950s for water supply and drainage pipes, buckets and 
containers. In the 1960s growth accelerated when 
plastics were used as an aid in "forced” growing and 
for crop protection. Plastics are replacing wood, glass 
and earthenware as materials. Plastics are used as 
produce containers in both agriculture and fisheries.
Polymer market shares in 1973 were:
LDPE 33%
PVC 26%
PS 20%
PP 13%
HDPE 9%
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3.2 .11 HANDLING AND STORAGE
Plastics materials are used in handling and storage 
because they are both light and strong, have good wear 
characteristics, are impervious to water, are corrosion 
resistant, and with correct choice of polymer can be used 
with hazardous chemicals.
Polymer market shares in 1973 were:
PP 53%
HDPE 20%
LDPE 12%
PS 1%
PVC 0
3.2.12 FOOTWEAR
Plastics have been replacing leather in footwear 
for sometime. This trend has continued as leather becomes 
shorter in supply (NEDO). Plastics are used alone, or in 
conjunction with leather. By 1968, 20% of footwear 
output was classified as plastics (NEDO).
Polymer market shares in 1973 were:
PVC 65%
PS 25%
LDPE 7%
PP 1%
HDPE 0
3 2 .13 SHIPPING
The shipping industry utilises plastics materials for 
internal fittings and also for hulls and decks of smaller
boats. Larger craft have now been built, such as the
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newly launched G.R.P. hulled minesweeper.
PP has found a use as netting where it has the ad­
vantage that it does not rot.
Shipping utilises a number of "specialised11 polymers 
such as polyesters and ABS.
The market shares of polymers in 1973 were:
PP 27%
HDPE 13%
LDPE )
PVC ) 0
PS )
Polyesters 56%
ABS 2%
PU 2%
3. 2.14 GENERAL INDUSTRIAL
Plastics are used for various applications in industry, 
usually where their properties serve as an advantage, but
they form a very small percentage of purchases by the 
engineering and foundry sectors.
Polymer market shares for 1973 were:
PVC 13%
PS 8%
PP 1%
HDPE 1%
LDPE 0
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CHAPTER FOUR
SOLID WASTES: WEIGHT, VOLUME AND CONSTITUENTS
4.1 SOLID WASTE STATISTICS
Waste is material for which no further use is envisaged 
and thus is discarded by society. Waste is generated by 
all sectors of the economy (raw material extraction, industry, 
commerce and consumers). The majority of the solid 
wastes from the industrial, commercial and domestic sectors 
is collected and disposed of by local authorities and private 
contractors. The wastes produced from mining operations 
are normally disposed of by the operators of the mines.
Plastics only occur in industrial, commercial and 
domestic waste, and thus this analysis is only concerned 
with these three sectors.
Local authorities collect nearly all of the solid 
wastes produced by the domestic sector and a smaller pro­
portion (unknown) of that produced by the commercial sector. 
Industrial wastes and the remainder of the commercial 
wastes are collected by private contractors, part of which 
they dispose of themselves, and the rest ( 6 million tonnes 
in 1967) they deliver to local authorities (Refuse Disposal).
Local authorities collect and dispose of approximately 
18 million tonnes of solid wastes every year. A number 
of studies indicate that the private contractors deal with 
about double that amount (4.3.1)
4.2 LOCAL AUTHORITY STATISTICS
Few local authorities either weigh or analyse the 
solid wastes they collect or dispose of. Only 151 
authorities out of 1187 weighed more than 50% of their
- 90 -
solid wastes in 1962/63, and only 127 more than 80% (Re­
fuse Storage ad Collection p.141). In 1966/67 only 
63 out of 1051 authorities weighed 50% or more of their 
solid wastes (Refuse Disposal p.178). The results of 
analyses are not usually published, but sufficient 
information has been obtained to get an overview and 
to identify underlying trends.
4.2.1 WEIGHT AND VOLUME
The yield per 1000 people from five publications is 
illustrated in Figure 4.1, with the number of authorities 
which contributed to the values (where applicable).
Neither of the two series of averages is complete for the 
period under review (1960 to date). As the series from 
Public Cleansing Costing Returns (PCCR) represents the 
average of a greater number of authorities it is assumed 
that this series is closer to the national average. The 
series from the First Report of the Standing Committee 
has therefore been multiplied by the ratio which exists 
in the 1965/66 values where the series overlap 
(ratio = 1.075), to get a calculated series for 1966/67 to 
1971/72.
The PCCR figures are those given for authorities 
which weighed 80% or more of their solid wastes, as it 
has been shown that authorities who weigh little or none
f
of their solid wastes tend to overestimate the weights 
(Refuse Collection p.9).
The projection is assumed to have a positive slope 
for three reasons:
(i) The G.L.C. figures show an increase over
this period.
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(ii) The trend of the Worthing and PCCR figures 
is positive.
(iii) Experts expect an increase in yield, mainly 
due to the increase in packaging (e.g.
Higginson, Flintoff).
The increase is assumed to be 1% per year (Flintoff).
The total weight of domestic and commercial solid 
wastes collected by Local Authorities in England and Wales 
has been calculated from the yields and population 
statistics (Table 4.1 Fig. 4.2).
The density of solid wastes has been taken from "The 
Storage and Collection of Refuse"; these figures are an 
average for domestic waste from towns in England (Figure 4.3). 
A line has been constructed through these values (and the 
estimated 1980 value) to obtain values for the intervening 
years.
The total volume has been calculated from these density 
figures and the calculated figures for the total weights 
(Fig. 4.4, Table 4.1). Although the figures from "The 
Storage and Collection of Refuse" are for domestic refuse 
only, it has been assumed that the use of these figures 
will not greatly increase the ina.ccuracy of the calculations 
for domestic and commercial refuse for England and Wales.
The following conclusions have been drawn from a 
study of the above calculations and of the current 
literature (mentioned above).
(a) The weight of solid wastes produced per 
capita is increasing as is the total weight 
collected by local authorities.
(b) The density of solid wastes has decreased 
rapidly over the last ten years. The
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decrease is expected to continue, but at 
a less rapid rate.
(c) As a result of (a) and (b) the volume of 
solid wastes collected has increased by 
about 30% over the last ten years. The 
volume is expected to increase, but less 
rapidly than before.
4.2.2 REFUSE ANALYSES
The results of a number of refuse analyses are 
presented in Tables 4.2 - 4.5. Calorific values have 
been calculated with the use of the calorific values of 
the various constituents shown in Table 4.6.
The following trends in the output of domestic refuse 
have been identified from these tables:
(a) The dust and cinder content has decreased
steadily. This is due to the implementation 
of the Clean Air Acts and the swing away 
from domestic coal and manufactured solid 
fuels.
(b) The weight of vegetable and putrescible 
waste has remained fairly constant.
(c) Paper and board content is increasing steadily 
both by weight and in comparison with other 
constituents.
(d) The weight^of metal waste has increased very
slightly.
(e) The weight of textiles waste has remained 
constant.
(f) The weight of glass wastes has increased
very slightly.
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Table 4.6 Calorific Values of Constituents of Waste
Constituent Calorific Value 
(Kcal/kg.)
Fine dust and small cinders - %,f 970
Cinders V ’-lV*' 3870
Vegetable and putrescible 1610
Paper 3710
Metal -
Rags 3770
Glass -
Plastics 9380
Unclassified 4170
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(g) The weight of plastics waste has increased
slightly.
(h) The total weight per household has decreased
steadily due almost entirely to the reduction 
in the weight of dust and cinders.
(i) The total volume produced has shown an in­
crease due to the reduction in the dust 
and cinders content (which are relatively 
dense) and the increase in paper and plastics 
contents, which are lighter. This has 
caused the reduction in density noted in 4.2.1.
(j) The calorific value of the wastes is rising
slowly, also due to the increase in the 
paper and plastics contents. This effect 
is most clearly illustrated by the Worthing 
analyses.
A diagram has been constructed from the figures in 
Table 4.2, so that an analysis for 1974/75 could be 
estimated (Fig. 4.5)
4.2.3 ESTIMATES FOR 1974/75
From the calculations and observations in 4.2.1 
and 4.2.2 some estimates for local authority operations 
in the current years (1974/75) have been made and are 
presented in Tables 4.7 and 4.8.
4.2.4 PLASTICS IN LOCAL AUTHORITY WASTE
1. A special study was Carried out by the City of 
Birmingham Salvage Department (reported by Staudinger)
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cinders
rags
unclassified
veg. and put
dust and cinders
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Figure 4.5 Analyses of Domestic Refuse
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Table 4.7 1974/75 Estimates Local Authority Operations
in England and Wales
Units Value
Total Weight Collected m.Tonnes 15.75
Total Volume Collected m.cu.metres 117
Weight per capita Kg 320
Volume per capita cu.metres 2.37
Population (estimated) x 1000 49,300
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Table 4.8 Analysis for 1974/75 of Domestic and Commercial 
Refuse Collected by Local Authorities
% m tonnes
1. Fine dust and cinders 16 2.5
2. Coarse cinders 2 0.3
3. Vegetable and putrescibles 21 3.3
4 Paper 39 6.1
5. Metals 9 1.4
6. Rags 1 0.2
7. Glass 9 1.4
8. Plastics 3 0.5
9. Unclassified 0 0
Calorific Value Kcals/Kg. 2340
100.00 15.7
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on the summer and autumn collections of 1968 and the winter 
and spring collections of 1969. The refuse was collected 
from 100 households which belonged to different classes 
of property holder, in order to study the socio-economic 
and seasonal variations on the quantity and composition of 
refuse.
The results of this investigation are presented in 
Tables 4.9 and 4.10 which cover:
(a) Total weight of refuse collected
(b) Weight of plastics collected
(c) Percentage of refuse collected that is plastics
(d) Totals for all classes of households
(e) Original uses of plastics (weight and 
percentage)
(f) Compositional analysis of plastics 
(by weight and percentage)
(g) Percentages of packaging and non-packaging 
plastics waste.
The following conclusions were drawn:
(a) Plastics content of refuse was higher in 
winter, for all classes of property.
(b) Flats have the highest percentage of plastics 
waste, closely followed by middle class 
properties.
(c) Domestic waste from Birmingham in 1968/69 con­
tained on average 1.1% of plastics.
(d) After including trade waste the overall 
urban refuse was estimated to contain 
1.5% plastics (i.e. trade refuse contained 
a higher percentage of plastics than 
domestic refuse).
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(e) On this basis the plastics waste per 
capita is between 5 and 10 lbs.
(f) The average density of plastics waste 
was 1.64 lbs/cu.ft. (26.3 kg./cu.metre)
. which was half that quoted for 1963.
The reduction was thought to be due to the 
greater number of plastic bottles.
(g) The proportions of the various polymers 
used for packaging are reflected (except
for PVC) in the proportions found in domestic 
waste. The assumption that plastics 
packaging is 'instant waste" is confirmed, 
leaving only uncertainty in the contribution 
from non-packaging plastics.
Note:
The averages calculated in Staudinger's report 
(% plastics in TOTAL column and row Table 4.9) 
were calculated by taking the averages of the percentages 
found. The author has recalculated these values from 
the total weights of refuse and plastics.
2. One G.L.C. analysis of plastics in solid wastes 
confirms that excepting for PVC the proportions of the 
polymers were about the same as those in plastics 
packaging (Table 4.11)
- Ill -
Table 4.11 Plastics in G.L.C. Solid Wastes 1971 (%)
Waste Packaging
Polyethylene . 61.2 64
Polystyrene ' 18.3* 18
PVC 11.2 9
Cellulosics 6.1 -
Others 3.2 9
Plastics in Waste 1.9 100
Source: G.L.C.Scientific Advisor's Report
4.3. INDUSTRIAL WASTE STATISTICS
There are no published series of statistics on 
waste dealt with by private contractors or by industrial 
concerns themselves. The following assessment of 
industrial waste is based on the results of five in­
vestigations.
(i) The results presented in Table 4.12 were 
obtained in a CBI survey of 1186 British firms which 
were known to produce toxic wastes (Disposal of Solid 
Toxic Wastes p. 9-13; Sumner p.345). The percentage 
of toxic wastes in this survey is likely to be higher 
than the average for all industrial wastes.
(ii) A study of industrial wastes in the 
Manchester/Salford area indicated that output was about 
twice that of domestic solid wastes. Approximately
777,000 tonnes was produced, of which 137,000 tonnes (18%)
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Table 4.12 Industrial Solid and Semi-solid wastes from
1186 Premises 1966
m. Tonnes %
General factory rubbish un­
contaminated by process wastes
1.18 26.4
Relatively inert process wastes* 2.62 56.4
Flammable process wastes 0.13 2.9
Acid or caustic waste 0.44 9.8
Indisputably toxic waste 0.20 4.5
TOTALS 4.47 100.0
*6.80 m.tonnes of aqueous slurries have been subtracted
from this figure
Source: Disposal of Solid Toxic Wastes
Table 4.13 Industrial Waste Estimates 1974/75 (England
and Wales)
m. Tonnes %
General factory and commercial 
rubbish
7.9 25
Non-Combustible wastes 18.9 60
Combustible wastes 3.1 10
Hazardous wastes 1.6 5
TOTALS 31.50 100.0
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was combustible. No further categories were indicated 
and so it is likely that the combustibles included a 
proportion of general factory wastes (S.W.M. 61, 10,
502-4).
(iii) The production of industrial solid wastes 
in Harlow was also found to be about twice that of 
domestic solid wastes. Hazardous wastes accounted for 
1887 'tonnes (5'. 6%) of the total output of 33,500 tonnes 
(S.W.M. 63, 2, 95).
(iv) A study for eleven Merseyside authorities 
showed that 101,600 tonnes (29%) of the 355,600 tonnes 
of industrial wastes which they received were combustible. 
The majority of the inert wastes were from the construction 
industry. The combustible portion most probably 
originated from the commercial sector, as local authority 
services are not, in general, used by the industrial sector 
(Flintoff, p. 19,20).
(v) Building and construction wastes, which are 
probably inert, accounted for 65% of the 5.6 million 
tonnes of industrial and commercial wastes received
by local authorities which participated in a Department 
of the Environment survey (Refuse Disposal p.177).
On the basis of these investigations it was assumed:
(a) Production of industrial solid waste is 
double that of domestic solid waste.
(b) Incombustible wastes (construction waste etc.) 
accounts for 60% of industrial wastes.
(c) Combustible wastes account for 10% of the 
total.
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(d) General factory rubbish accounts for 
25% of the total.
(e) The remaining 5% is composed of hazardous
' . -
wastes.
Estimates for 1974/75 are presented in Table 4.13.
4.3.1 PLASTICS IN INDUSTRIAL WASTE
The plastics industry produces very little waste, as 
most polymer waste is recycled (Fergusson); The plastics 
waste produced would be classified as combustible wastes 
and no breakdown of these was available.
Plastics occur in ^general factory and commercial 
wastes” as packaging, and as waste from the catering 
and service industries. General wastes, in the absence 
of further details, have been assumed to have a similar 
composition to domestic wastes. The Birmingham study 
(Section 4.2.2) found that commercial wastes contained a 
higher percentage of plastics; for this reason it has 
been assumed that the plastics proportion is 4% (3% in 
dec3jm^ tic) for 1974/75, The vegetable and putrescible 
proportion has been reduced from 21% to 20%.
On the basis of these figures, 316,000 tonnes of 
plastics materials will be discarded as general factory 
and commercial wastes in 1974/75.
4.4. TOTAL WASTE PRODUCTION IN ENGLAND AND WALES 1974/75
The total weight and classification of solid wastes 
for 1974/75 has been calculated (Table 4.14) from the 
deductions made in the previous sections. It should 
be noted that the wastes from mineral extraction have
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Table 4.14 Estimate of Solid Wastes from Domestic, 
Commercial and Industrial Sectors for
1974 (England and Wales)
Weight 
m. tonnes
%
Incombustible process wastes 18.9 40.0
Combustible process wastes 3.1 6.6
Hazardous 1.6 3.4
Fine dust and cinders 3.8 8.1
Cinders 0.5 1.1
Vegetable and putrescible 4.9 10.4
Paper and board 9.1 19.3
Metal 2.1 4.4
Textiles 0.3 0.3
Glass 2.1 4.4
Plastics 0.8 1.7
Unclassified 0 0
TOTALS 47.2 100.0
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been omitted from this analysis. This waste may be 
about 100 million tonnes (Report of Aggregates and Waste 
Materials Working Group, p.5).
Plastics waste is expected to total 800,000 tonnes, 
or 1.7% of the total weight of 47.2 million tonnes 
from the domestic, commercial and industrial sectors.
4.5 WASTE PRODUCTION IN THE U.K.
The waste production for the U.K. (Table 4.15) 
was obtained by multiplying the elements of Table 4.14 
by 1.137 (the ratio of the population of the U.K. to 
the population of England and Wales).
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Table 4.15 U.K.Waste Production 1974/75 (Calculated)
Weight 
m. tonnes
%
Incombustible process wastes 21.5 40.0
Combustible Process wastes 3.5 6.6
Hazardous wastes 1.8 3.4
Fine dust and cinders 4.4 8.1
Cinders 0.6 1.1
Vegetable and putrescible 5.6 10.4
Paper and board 10.4 19.3
Metals 2.4 4.4
Textiles 0.3 0.6
Glass 2.4 4.4
Plastics 0.9 1.7
TOTALS 53.8 100.0
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CHAPTER EIVE
PLASTICS WASTE: WEIGHTS AND SOURCES
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5.1 FORECASTS OF PLASTICS WASTE
The most widely quoted forecast of plastics waste is that 
made by Staudinger in the SCI Monograph "Plastics Waste and 
Litter". A review of his methods and results is presented 
(Section 5.2) followed by forecasts made by the author 
(Section 5.3).
5.2 STAUDINGER1S FORECAST
Staudinger has forecast the plastics waste content of 
municipal refuse for 1980 in the U.K. on the basis of waste 
analyses for 1968 (Section 4.2.4)and forecasts of plastics _ 
production and consumption from data ,for 1963-68 (Table 5.1).
A resume of his methods and results is presented below.
5.2.1 PRODUCTION AND CONSUMPTION FORECAST
From past data (Table 5.1) it appears that plastics 
production has grown at just over 10% per annum with U.K. 
demand corresponding to 85-90% of production.
One forecast was therefore made for plastics production 
to grow at an average of 10% per annum until 1980, assuming 
consumption to be 86% of production (Table 5.2).
The possibility of an acceleration in industrial 
expansion leading to faster growth rates across industry 
as a whole resulting in an increased demand for plastics 
was included in the calculations by making a separate fore­
cast for an average growth rate of 12% per annum (Table 5.2).
In both cases the growth rates were expected to be 
higher before 1975, with a slowdown thereafter to 1980.
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The production of the different polymers was forecast 
for 1980, assuming growth rates of 10% and 12% for total 
plastics production (Table 5.3). The derivation of the 
growth rates for the individual polymers was not given.
5.2*2 PLASTICS WASTE FORECASTS
(a) Packaging Waste: The 1967-68 growth of 20%
in plastics packaging production was not expected to con­
tinue for more than a few years and an annual average growth 
of about 12% was anticipated until 1980. This would corres­
pond to about 965,000 tonnes of plastics packaging in 1980 
or about 15 kg. per capita. This would seem reasonable 
when compared with the predicted American and German per 
capita figures of 16 kg. and 15 kg. respectively.
(b) Non-packaging Waste: The backlog of durable 
goods and other items producing bulky waste was expected
to increase its contribution to plastics waste at a greater 
rate than "instant1’ waste from packaging and other short 
lived applications. Predictions about the lifetimes of these 
long lived items was said to be impossible.
(c) The Forecasts: There are three sources of
plastics waste: packaging uses (dustbin waste); non­
packaging applications (of dustbin "quality"); and ’ 
packaging and non-packaging articles (larger than dustbin 
"quality").
The forecast assumed that 85-90% of packaging waste 
becomes collectable, the rest being retained, re-used, or 
disposed of by do-it-yourself methods or as litter.
For the assessment of the 1968 situation (Staudinger 
pp 1-15) it was assumed that 10% of the total plastics waste
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was from non-packaging sources, and this was found to be a 
reasonable estimate. The forecast assumed that "there is 
no reason to doubt that this share will have increased 
considerably by 1980". An "intuitive guess" was made that 
by 1980 the quantity of non-packaging wastes would be at least 
four times that found in 1968, giving a figure of 345,000 -
385,000 tonnes for 1980.
Therefore, from the above assumptions, municipal refuse 
(domestic dustbin and trade) may contain 1,160,000 tonnes 
of plastics waste (795,000 tonnes packaging; 365,000 tonnes 
non-packaging). This figure was considered to be the 
lower limit for two reasons. •
(i) It does not include over-size household rejects, 
nor does it make provision for the plastics in "bulky 
litter".
(ii) The estimate of future trends was thought to be 
conservative and it did not take into consideration the 
possibility of boom conditions developing in the 1970s.
These conditions would result in an increase in demand and 
create an extra amount of plastics packaging and general 
"affluence" waste. From the American pattern this would 
result in a more significant contribution from non-packaging 
waste.
From an increased plastics consumption of 4.22 million 
tonnes (12% growth) it was estimated that 1 million tonnes 
would be used for packaging, from which 865,000 tonnes of 
collectable waste would be produced. Non-packaging waste 
was estimated at 15% of the total, or six times the 1968 
value for this area. Thus the upper limit of plastics in 
municipal refuse may be 1,370,000 tonnes (865,000 tonnes 
packaging; 500,000 tonnes non-packaging).
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5.2.3 THE COMPOSITION OF PLASTICS WASTE IN 1980
The composition of plastics waste was calculated on two 
assumptions:
(i) the composition of the packaging waste will be in 
line with the product distribution within the packaging 
applications, and that the share of the various packaging 
materials will not change to any noticeable extent;
(ii) the composition of non-packaging plastic waste 
will approach a composition corresponding to the ratios of 
all the polymers which are used in their production.
Two compositional analyses werecalculated, corresponding 
to the lower and upper limits for total plastics waste 
(Table 5.4).
A combination of these two sets of figures gives a 
forecast in the various categories of materials which lies 
in the.ranges indicated in Table 5.5.
The total amount of plastics present in municipal refuse 
was predicted to be in the range 1.15 - 1.47 million tonnes 
in 1980.
5.3 PLASTICS WASTE 1960 - 1985 
(Author’s calculations)
Plastics waste for the years 1960 to 1985 has been 
calculated from consumption figures and the lifetimes of 
products.
Detailed plastics consumption figures have only been 
discovered for the years 1967 - 1973, and therefore trends back 
to. 1960 have been calculated, together with forecasts to 
1985.
Lifetimes for the products of the various industries have 
been estimated partly from available information, and partly 
from personal judgement.
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5.3.1 CONSUMPTION DATA
5.3.1.1 Published Data
Detailed consumption figures have been published since 
1968 in European Plastics News (Section 3.2). Some incom­
plete data from previous dates has been obtained from a 
different source (Section 3.2).
Six sets of annual data were insufficient for any 
worthwhile work on this model and therefore further data 
was generated. This can be divided into two categories: 
pre-1968 and post-1973.
5.3.1. 2 Pre-1968 Data
There were three possible ways of generating this data:
(i) Detailed forecasting, e.g. multiple 
regression techniques
(ii) Extrapolation of a combination of E.P.N. 
and R.A.P.R.A. figures
(iii) Extrapolation of E.P.N. figures.
The use of detailed forecasting methods was thought to 
be inappropriate in the context of this model as any possible 
improvement in accuracy.would probably be negated by in­
accuracies in the published data and inaccuracies introduced 
by the lifespan assumptions.
The EPN and RAPRA figures are not strictly comparable 
as can be observed from the 1968 data (Table 3.9). Some 
of the industrial classifications may well be different 
(for example EPN publish data under the heading "Land 
Transport11, whilst RAPRA figures are headed "Automative 
Engineering”
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In fact, some extrapolations were carried out using this 
combination of data, and the results found to be un­
satisfactory. (The "unclassified" proportion of consumption 
was predicted at 64% for 1960).
Pre-1968 data was therefore generated by extrapolation 
of the 1968-1973 EPN figures, for plastics consumption.
The RAPRA figures and other knowledge of plastics consumption 
(e.g. the rapid introduction of plastic sheathed cables in 
the 1950s) were used as guidelines.
Extrapolation of all the applications listed in 
Table 3.15 was thought to be both impractical and likely to 
lead to greater errors than using data for the fourteen 
industrial groups. With the provision of more data in 
the future it might then prove worthwhile to use the data 
for the more detailed listings in preference to that of 
industrial groups.
The 1968 - 1973 data do not show any tendency to 
arithmetic linear growth and there is therefore no justific­
ation for the use of arithmetic graph paper for extrapolation.
Growth rates often follow constant percentage increase 
fairly closely.
The equation for constant percentage growth of the 
dependent variable, y, is:-
y = abX (1)
where x = independant variable 
a and b = constants.
In order to have a trend represented by a straight 
line the equation must be of the form:
Y = A + BX.
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Taking logarithms of equation (1)
log y = log a + x log b (2)
i.e. a straight line is the result if log y is plotted
against x. To find the growth rate differentiate equation
(2) with respect to x
Growth rate = d log y = 0 + log b
dx
i.e. the growth rate is equal to the slope of the straight 
line.
Therefore, if the 1968 - 1973 data is represented by
constant percentage growth, graphs of consumption against
time on log-linear graph paper should approximate to 
straight lines.
These graphs were constructed (Figures 5.1 - 5.4) and 
the points were found in most cases to approximate to 
straight lines. This was the method used for extrapolation 
It is interesting to note that a prediction for total 
plastics consumption using data for 1968 - 1973 approximates 
very closely to the figures published by EPN.
Extrapolations were only made back to 1960 for three 
reasons:
(i) A run of ten - fifteen years past data should be 
sufficient to prove the usefulness or otherwise of the model
(ii) Plastics consumption only reached half a million 
tonnes in 1960, and in the previous decade only totalled 
about two million tonnes. As the consumption reached 
nearly eight million tonnes in the f)60s,the effect of the 
1950s consumption on waste in the 1970s was thought to be 
negligible.
Predictions for 1960 - 1967 are presented in Table 5.6
\ ' 1
together with the base data.
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Figure 5.1 Plastics Consumption (1960 - 1973)
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Figure 5.3 Plastics Consumption (1960-1973)
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Figure 5.4 Plastics Consumption (1960-1973)
Year
Ta
bl
e 
5.
6 
Pr
e-
19
68
, 
19
68
-1
97
3 
Co
ns
um
pt
io
n 
Da
ta
 
(1
00
0 
to
nn
es
)
CO Ml 0" Ml O' O' oo co CM vO oo yH rH rH p. o o
p. CM 00 r-i r-t vD vO p in Ml CM CO CO CM in rH co
O' Ml CM r-i m CO
rH rH ’
CM rH rH yH CO co o Ml rH rH O P^ P P O' in o
CM vO oo o p in VO Ml Ml CM CM CM rH CM Ml o
o> CO rH Y—1 Ml in
r-t rH
Y—1 Ml CO rH p O o P Ml p Ml in p <3 oH o o vO tn VO CO Ml rH CM CM rH co p Ml
o> CO H yH co co ,
y—i yH
o O' o P- O' Ml in VO CM CO in CO CM UO vO Ml yH
p- H O' vO o vO Ml in CO Ml yH CM CM rH CO co CM
o> CM yH rH CO CO
H rH
O' CM m <1 CO 00 O' CO o in rH P O Ml • CM vO O'
VO CM m m O m CO in CO 'S CM rH CM rH CO Ml o
o» CM rH rH CO CM
H ■' - yH
00 vO CO p. oo oo O' CM CO VO O' CO OO Ml rH v£> CO
vO rH o H O Ml CO Ml CM co rH rH rH rH CO O' CM
O' CM H rH CO rH
i—f . _rH
p- CM tH CM Ml p CO O O' Ml CO CM VO rH m rH o
vO ■H p- O 00 Ml co Ml rH co rH yH rH rH CM Ml vO
O' rH tH CO O'H
vO O Ml O' O' CO O' P VD rH rH o Ml o CO O vO
VO T—1 Mt co p Ml CM CO rH CO rH yH rH rH CM yH m
O' rH CO 00
H
in O' H 00 Ml O vD CO Ml O' o 00 CM O' O CO vO
lO CM p P Ml CM CO rH CM rH . tH CM CO rH
O' rH 1 CO 00
rH
Ml 00 yH oo o VO Ml o CM P O' P rH CO oo vO in
vO o vO P CO CM CO yH CM rH rH CO vO
O' H CO p'
H
00 p- in O vO CO rH p o m CO VO o oo vO P- O'
VO oo vO vD CO CM CM rH CM rH rH co rH
O' CM vO
tH
CM VO CM CO CM y-H O' in O' Ml P in O' p Ml m oo
vO in vO CO rH CM CM rH O' CO
O' rH m
H
in o VO O' 00 p CM P CM VO Ml 00 vO co o co
vO vO Ml m CM yH . CM CM rH m m
O' rH MlrH
.
O in rH tH vO vO vO O vO rH in CO P VO rH VO ovO m MI­ in CM rH CM CM yH rH O'
O' CM Ml
rH
to
So
o
CO AJ
PS o too *yH X a)
■ -w p 3 •iH
AJ o cd Po P 03
3 AJ t>> X <u
p O id to 60
aj CU . r—f •iH cd rH
w y-H (0 Cu UH P cd
PS W <u to o •Ho r-H •H "V • AJ P
o X AJ yO X P CO AJ
3 P 01 cd a)
X ol o . p «• X 3 X
PS a 3 to tu P X) 03
td 10 to a X P cd p •H
60 or pi 0) a O 3 M MH
60 P 60 o 03 P P P o 4J 60 P 60 -r-i
P •H c •H p 3 td .0) 00 rH C cd 3 rH cn
yiH 60 P H AJ > £* 3 •rH 03 •H cd to COM X AJ •rH 0) P >v O i-H S a p cdO 1—I O X 3 <0 (0 o •H XI AJ a, 03 rH <2■U o •rl 03 PS P 3 P p P P O •H P o Hcd cd 3 H 03 3 o o td 60 Cd o X 03 c O
U CP « w ►J U* PC u pH < ffi IP 10 O 3) H
rH CM CO Ml in vO P 00 O' O  . rH CM CO -d- in
o O o O o o o o o rH rH rH rH rH rH
- 139 -
5.3,1.3 Post-1973 Data
Four methods of generating post-1973 data were in­
vestigated:
(i) Econometric techniques
(ii) Plotting forecasts made for 1980 by NEDO on 
log-linear paper and joining them with the 
1973 data by straight lines
(iii) Extrapolation of 1968 -1973 data in the same manner 
used for pre-1968 data.
(iv) Multiplication of 1973 data by the average annual 
growth rates for each industry estimated in the 
NEDO report.
(i) Econometric techniques were thought to be inappropriate 
for the same reasons expounded in Section 5.3.1.2.
(ii) The NEDO report industrial classifications differed from 
those used by EPN and the 1968 consumption figures differed 
significantly. The forecast 1980 figures are therefore 
unlikely to be comparable with the EPN figures.
(iii)Extrapolations of 1968 - 1973 data are unlikely to 
prove reliable as studies of the plastics industry expect 
overall growth to be lower than in the past (NEDO,
Staudinger). Any predictions based on extrapolations are 
likely to be too high, especially as the growth of the 
plastics industry may be further reduced as a result of the 
increase in the price of oil.
(iv) The NEDO report made estimates of the average annual 
growth rates for various sectors of plastics consumption 
for 1968 - 1980. The estimates are based on analyses of 
present applications, possible future applications and
- 140
prospects for sector studied, assuming a G.D.P. growth 
of 3%.
Although definitions of industrial groupings differ 
between the NEDO report and EPN, the growth estimates are 
presented in sufficient detail to identify the estimates 
which are relevent to the EPN data.
The use of these estimates with the 1973 EPN con­
sumption figures was considered to give predictions which 
would be more comparable with the pre-1973 data. The 
NEDO estimates also allow for the expected decrease in 
growth of plastics consumption, unlike the extrapolations 
of 1968 - 1973 data. As a result of the increase in the 
price of oil these estimates are likely to prove overestimates,
although the effect is difficult to visualise as other raw
1material prices have also increased . The situation should 
be clarified on publication of the 1974 figures. This 
effect also indicates that the predictions using the 1973 
data and NEDO growth estimates are likely to prove more 
accurate than extrapolations.
The generated data for 1974 - 1985 together with the 
growth rates are presented in Table 5.7. The predicted 
values for 1981 - 1985 are likely to prove unreliable as 
the NEDO estimates were only for 1968 - 1980.
5.3.2 Characteristics of Lifetimes
The lifetimes of applications cannot be represented 
by a simple arithmetic mean, because when used in a
1
T w o  recent reports by I.C.I. and Shell (see references) con­
clude that plastic goods and components will not become less 
competitive as a result of the recent rise in oil prices.
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calculation this would have the effect of producing an entire 
year's consumption as waste at the same time. This can be 
illustrated by a simple example:- the average life of auto­
mobiles is about eleven years. It is absurd to assume 
that all cars, registered on 11 November 1963 will be scrapped 
on 11 November 1974. There is a scatter about this mean. 
Some cars are not well looked after and may have to be 
scrapped quite quickly, others are carefully looked after and 
may not be scrapped until they are over twenty years old.
It would be expected that most cars would be scrapped nearer 
to the mean than at either extreme.
If this last assumption is true it indicates that the 
lifetime distribution is either positively or negatively 
skewed, or normal (Figure 5.5). There are no 1 a priori* 
reasons for assuming any of these distributions.
Normal
Frequency
Negative Positive
Figure 5.5 Three Distributions
time
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In the absence of further evidence, the lifetimes of the 
various applications of plastics have been assumed to 
approximate to normal distributions. •
The mathematical expression for the normal curve is 
given by Equation 1, which ensures that the area under the 
curve is always unity, to represent total probability.
y = 1 - e -(X~^)2 (1)
<S- J 2IT 2<r
where x = arithmetic mean of x
<5~ = true standard deviation 
IT = constant 3.14159 
x = variable 
y = probability density.
All normal distributions are fundamentally the same, 
differing only in their means and standard deviations. 
Identical curves located at different points on the x 
axis have different means but the same deviation. If 
the mean values are the same, but the standard deviations 
different, the curves will be located at the same point 
on the x-axis, but differing in height and width. They 
differ in width directly due to the difference in standard 
deviations, and in height to maintain the area at unity.
To make all normal distributions comparable their 
means are all regarded as zero, and all deviations from 
this mean are measured in terms of the standard deviation 
of the distribution, not in terms of the original units. 
This new distribution is known as the Standard Form of the 
Normal Distribution. When expressed in this form all
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normal distributions have a mean value of zero and a standard 
deviation of unity.
Any deviation from the mean will be represented in the 
new scale of units by:
z ~ x - x (2)
cT"
The equation for the standard.form is obtained by
substituting the result of (2) in equation (1):
2z
It can be proved that the area under this curve is 
also equal to unity. One property of this curve is that 
95% of the area lies between - 1.96 and + 1.96 in the 
new scale of units z. The probability of any event 
occurring between two values of z is equal to the area 
under the curve between the two points. Tables of the 
areas under the Standard Form of Normal Distribution are 
published in most statistics textbooks.
A normal distribution can therefore be characterised 
by its 95% limits, from which the mean and standard 
deviation can easily be calculated and therefore any areas 
required can also be found from tables or by integration. 
This fact has been utilised and the lifetimes of the 
plastics consumption applications are expressed in terms of 
the 95% limits; e.g. one thousand tonnes of plastic buckets 
are produced and sold in 1990. It is assumed that 95% 
of plastics buckets are discarded between 3 and 6 years old. 
How much plastics waste will be produced annually from this 
source? The distribution is illustrated in Figure 5.6. ■
y = 1 e
j w
I Z 3 A S CC.
»— :— i— — i---- 1--- 1— — I---1— — i----r 1
-**•2 -l-U +146 ++2
Figure 5.6 Distribution of Lifetimes of Plastic Buckets
The x values must be coded to correspond to the z values 
of the standard form:
First the mean is calculated
x = 3 + 6  = 4.5 (4)
The standard deviation may be calculated by substitution of 
95% limits in the coding equation
1.96 = 6 - 4 . 5  (5)
cr
<T = 6-4.5 = 0.7653
1.96
Coded values can now be calculated for all the values
of x:
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x 0 1 2 3 4 5 6 7
z -7.1867-4.5733-3.2667 -1.96 -0.6533 +0.6533 +1.96 +3.2667
The probability of waste arising in 1990 is represented 
by the area between z = (-7.1867 and -4.5733) i.e. 
x - (0 and 1).
Plastics waste from buckets —consumed" in 1990 calculated 
from these results and published tables of areas is pre­
sented in Table 5.8.
It is assumed that the use of the distribution also over­
comes the problem of using discrete annual data for 
consumption.
Distributions with lower means or greater standard 
deviations may have areas of probability before the zero 
year (x values and axis). This would infer that waste 
was being produced before the articles are consumed. This 
situation has been dealt with by calculating that area 
and "spreading" it over the rest of the distribution- 
effected through multiplication by the probabilities calculated 
for every year. The given 95% limits are no longer truly 
such, but this is of no consequence as they are only used to 
characterise the lifespans.
The forecasts of plastics waste have been calculated by 
the summation of many such distributions. Due to the large 
number of calculations involved in such a comprehensive 
analysis of waste produced from a number of applications 
over a period of years, a computer model was devised.
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Table 5.8 Annual Production of Waste from Plastic
Buckets
Area Bounds Probability Waste
(tonnes)
1990 - 7.1867 - 4.5733 0.0 0
1991 - 4.5733 - 3.2667 0.00048 0.48
1992 - 3.2667 - 1.96 0.02446 24.46
1993 - 1.96 - 0.6533 0.23285 232.85
1994 - 0.6533 + 0.6533 0.48430 484.3
1995 + 0.6533 1.96 0.23285 232.85
1996 1.96 3.2667 0.02446 24.46
1997 3.2667 4.5733 0.00048 0,48
1998 4.5733 7.1867 0.0 0
TOTALS 0.99988 999.88
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5.3 .2.1 Guidelines for Cho ice cf Lifetime Limits
Little information about the lifetimes of products 
was obtained from enquiries. The data collected was in 
the form of arithmetic means. The 95% limits were there­
fore estimated by guesswork combined with the information 
obtained. As a result of these uncertainties the model was 
tun with differing lifespans.
As the consumption predictions had to be made on an 
industry basis (Section 5.3.1.2 the lifespans represent 
agglomerations of products. It was hoped that inaccuracies 
thus introduced could be overcome by judicious choice 
of the 95% limits. As more sets of detailed data become 
available these problems could be overcome by making fore­
casts based on individual applications.
Guidelines used for choosing the limits are described 
below, with reference to Table 3.15.
1. Catering products were assumed to be virtually 
instantaneous waste.
2. Packaging products were also assumed to be instantan­
eous waste.
3. Building uses are fairly long term. Flooring and 
roofing might be expected to last in excess of fifteen 
years. Some vinyl flooring laid about twenty years ago 
is now being pulled up (Staudinger p.27). Pipes and 
gutters were expected to last at least as long as these.
4. The life of an electrical cable assumed for de­
preciation purposes is about 40 years, but service life is 
often greater, and cables of the type used 40 or more years 
ago do not often reach a state such that their reliability 
is a factor leading to replacement, although they may be
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vulnerable to change on account of obsolescence (Boley). 
Other electrical products might be expected to have rather 
shorter lifetimes, but still quite long.
5. Land transport products are largely used in the 
automobile industry, and can therefore be expected to 
become waste at the same rate as cars. An analysis 
of British regiistrations indicates thd: the average 
lifetime of the private automobile is about 11.5 yea.rs 
(Nixon). A Swedish report (Service Length of Private 
Cars) estimates a mean of 11.8 years for 1971 and from 
graphs which are included the 95% limits appear to be 
approximately 5 and 20 years.
6. Furnishing products also have fairly long lives.
It was thought that the great majority would have lives 
in excess of 10 years and probably more than 15 years.
7. The main product range of housewares is kitchenware 
(bowls, buckets etc.) followed by dustbins and bathroom 
accessories. The lifetimes of the kitchenware was 
expected to average between four and eight years, with 
dustbins slightly,longer, and bathroom accessories 
slightly less.
8. The average lives of cookers, washing machines and 
refrigerators have been estimated at 13, 14 and 16 years 
respectively, by statistical methods (Boley). Other 
consumer durables were thought toha^ e similar lifetimes.
9. Display and advertising products were assumed to 
have short lives,as were toys.
10. Pipes etc. used in agriculture were assumed to have 
moderate lengths of life up to ten years, whilst produce
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boxes and similar articles were assigned rather shorter 
lives.
11. Products for handling and storage, like produce 
boxes, were thought unlikely to remain in service for 
much over five years.
12. From personal experience footwear was written off 
between about six months to three years.
13. Ships hulls and superstructures are likely to have 
long lives, probably in excess of 20 years, whilst nets 
and ropes are unlikely to remain serviceable for more than 
5 to 10 years.
14. The "General Industrial" category covers quite a wide 
variety of different applications, and therefore quite a 
large distribution of lifetimes was allowed. It was 
thought unlikely that any of these applications would have a 
service life greater than 30 years.
15. The unclassified uses range over textile fibres, textile 
treatment, paper treatment, leather treatment, surface 
coatings and paints. It is quite possible that some of the 
unclassified material should really be assigned to the 
industrial groupings above. For example, the PIRA (Mills) 
figures for plastics packaging are consistently higher than 
the EPN figures.
The unclassified group was considered to have a wide 
range of lifetimes, probably not exceeding 10-15 years.
The morality of regarding this group as a source of 
plastics waste is discussed later (Section 5.3.4 ).
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5.3.3 THE COMPUTER MODEL
The full program of this model is given in 
Appendix I.
The data was grouped into annual sets of consumption 
figures followed finally by one set of 95% limits for the 
various applications.
From this data four different types of tables were 
calculated.
1. One table of the annual consumption figures with totals 
was produced by collating the data.
2y Probability distributions were calculated by integration 
for all the applications from the given 95% limits. The 
probabilities were calculated for 25 years and printed in 
one table.
3. A detailed analysis of plastics waste for 25 years from 
each set of consumption figures was calculated from the 
first two tables and printed. The number of tables 
printed was equal to the number of sets of consumption 
figures.
4. The annual production of plastics waste with a 
breakdown by application was calculated by summation of 
the tables in 3.
5.3 .4 RESULTS
Three sets of abbreviated results are presented 
(Tables 5.10 - 5.12), which were obtained from the same 
consumption data (Tables 5.6 and 5.7), but different 
lifespans (Table 5.9).
Table 5.9 95% Limits Used
Set 1 Set 2 Set 3
Industry Low High Low High Low High
01 Catering 0 1 0 1 0 1
02 Packaging 0 1 0 1 0 1
03 Building and 
Construction 10 25 8 30 8 30
04 Electrical and 
Electronics 20 50 15 40 15 70
05 Land Transport 6 12 4 16 5 20
06 Furniture 10 20 10 20 10 20
07 Housewares 3 6 5 1° 3 10
08 Consumer Durables 8 15 9 19 8 18
09 Fancy goods, display 
and toys 0 4 1 3 0 4
10 Agriculture and 
fisheries 4 8 5 10 4 8
11 Handling and 
storage 0 4 1 4 0 4
12 Footwear 1 3 1 3 0 3
13 Shipping 10 30 10 20 10 30
14 General Industrial 5 15 5 10 5 15
15 Unclassified 2 10 2 10 2 10
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The range of results for 1974 and 1980 calculated 
from different sets of lifetimes are shown in Table 5.13 
(columns 1,2,5,6). If the 1974 result of plastics 
waste (1.04 - 1.22 m.tonnes) is compared with the result 
obtained in Chapter 4 (0.9 m.tonnes) it would appear to 
be too high. It should be remembered, however, that the
0.9 m.tonnes calculation was based on refuse analyses 
carried out by Local Authorities. The plastics portion 
of their analyses is unlikely to Include the plastics 
content of bulky items (e.g. cars, consumer durables), 
the plastics waste from building, agriculture etc. or 
from paints, adhesives etc. ("unclassified").
For a true comparison of results, therefore, the values 
calculated for wastes from industries 03, 04, 05, 06,
08, 10, 12, 13, 14 and 15 should be reduced by a large 
percentage, probably about 80-90%. The exception is the 
unclassified category (15), which as noted previously 
(Section 5.3.2.2) probably also includes materials from 
the other industrial groupings, and therefore should be 
reduced by a smaller percentage (c. 70%).
The unclassified category has been reduced by 70% 
and the others by 80% (Table 5.13 columns 3, 4, 7, 8),and 
the totals for 1974 (0.78 - 0.84 m.tonnes), now compare 
favourably with the result from Chapter 4. Although the 
choice of percentages was arbitrary, it is unlikely that 
they are very inaccurate with the possible exception of 
the one for the unclassified category.
A summary of the author*s forecasts and that of 
Staudinger is given in Table 5.14. The Local Authority 
wastes were obtained by multiplication of the corrected
- 160 -
total wastes by the ratio of local authority plastics 
waste to industrial plastics waste found in Chapter 4 
(473/789).
The author’s results indicate that plastics packaging 
is likely to retain its importance in plastics waste at 
least up to 1980, after which the growth rates used for 
the consumption data are likely to prove unreliable. 
Plastics packaging will account for about 70% of plastics 
waste as analysed in Chapter 4 over the period 1974-1980.
Of the 2.0 - 2.4 m.tonnes of total plastics waste 
forecast for 1980 it is likely that about 0.4-0.6 m.tonnes 
will be ’’unrecognisable11 as plastics waste (adhesives, 
paints, coatings etc.) and therefore plastics waste will 
total about 1.6 - 1.9 m.tonnes of which plastics packaging 
accounts for about 60 - 65%.
Whether plastics waste is defined as that analysed 
in refuse analyses, or the total "recognisable" plastics 
waste (includes plastics content of bulky items etc.), 
plastics packaging is the single mo.st important factor.
The mixture of polymers found in plastics waste will
I
be greatly dependent upon those used in packaging; with 
the PVC fraction being increased by contributions from 
the other industrial groupings.
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CHAPTER SIX
SOLID WASTES: STORAGE, COLLECTION AND TRANSPORT
- 1 6 5  -
6.1 THE STORAGE, COLLECTION AND TRANSPORT OF SOLID WASTES
Solid wastes are stored before collection for disposal 
methods of storage are reviewed in Section 6.2.
In this country both Local Authorities and private 
contractors collect waste material. Local Authorities 
collect nearly all solid waste producted in the domestic 
sector, and a proportion of thatproduced by the commercial 
sector; private contractors deal almost exclusively in 
wastes from the commercial and industrial sectors.
The domestic collections are the most diverse and 
costly as they involve the collection of small amounts 
of waste from a large number of premises. Private 
contractors usually provide bulk containers to commerce 
and industry which are collected by their vehicles.
After collection the wastes are either taken directly 
to a disposal site, or to a transfer loading station 
where they are loaded onto bulk transporters for 
transport to the disposal site.
The collection and transport of solid wastes has 
been summarised in a flow diagram (Figure 6.1).
6.2., THE STORAGE OF SOLID WASTES
Domestic refuse is stored in dustbins (metal, rubber 
or plastic) or in sacks (paper or plastic) used either by 
themselves, or as bin liners. The dustless loading 
bin is used in some areas. This is a metal or plastic 
bin with a hinged lid designed for collection by specially 
equipped vehicles. The capacity of all these receptacles 
is usually either 2% or 3% cubic feet (The British Standard 
sizes for dustbins).
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The wastes from blocks of flats and commercial premises 
are commonly stored in the above mentioned receptacles, but 
there has been an increase in the use of larger storage 
systems, i.e. communal containers and skips. One of the 
most widely used communal containers is cylindrical in 
shape, mounted on wheels, and has a-capacity of 34 cubic 
feet.' Most compaction vehicles can be modified to empty 
them. Skips are designed to be picked up and exchanged
by special vehicles; other types of containers used with 
special vehicles are also used. Wastes from the indust­
rial sector are most probably stored in these large con­
tainers.
Compaction systems have been developed for use in 
premises with large outputs of solid waste, although they 
are not widely used in this country for general wastes.
One method compacts the waste into paper sacks on a carousel 
(Section 6.8). Compaction and baling of waste paper and 
board for salvage is more common at commercial and indust­
rial premises.
There is little to choose between the various storage 
systems for single households, although paper and plastic 
sacks are more hygienic than bins. The increasing volume 
of solid wastes produced by households means that many 
households now require two receptacles for storage.
Large containers or compaction systems are to be 
preferred for use in premises with large outputs of solid 
wastes (Refuse Storage and Collection, p.57 ). Small 
receptacles frequently become messy and unhygienic when 
used in these locations and do not make the best use of 
storage space.
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Methods of storage in use at premises serviced by Local 
Authorities in 1964 is summarised in Table 6.1. The 
changes which have taken place since then are:
(a) Increase in the proportion of paper 
and plastic sacks
(b) Increase in the proportion of plastic 
dustbins; over 25,000 tonnes of plastic 
materials have been used to make dustbins in 
the years 1968-73 (Table 3.15) and there­
fore over 5 million plastic dustbins have 
been made in this time (200 bins/tonne).
(c) The use of communal and other bulk con­
tainers has increased at flats and 
commercial premises.
(d) As a result of (a), (b) and (c), the 
proportion of ordinary metal dustbins 
has decreased.
These four observations are made from many reports 
in "Solid Wastes Management" and other publications.
6.2.1 COST OF STORAGE
The cost of storage and collection at blocks of 
flats (June 1965) is shown in Table 6.2
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Table 6.2 Estimate Total Cost per Dwelling; at Blocks
of Flats (June 1965) (£)
Dustbins
Communal
Containers
Chutes
and
Containers
Garchey
Original
System
Annual Cost of ' 
permanent part - 0.35 1.50 6.00
Annual Cost of 
replacement part 0.30 0.25 0.225 ) 
) 
)
0.35 )
Maintenance of 
Service Charge - 0.35
6.50
Cost of weekly 
collection
Disposal cost
2.50
0.60
1.50
0.60
1.50 ) 
)
0.60 )
1.00
Total Annual Cost 3.40 3.05 4.175 13.5
Source: Refuse Storage and Collection
An estimate of the current cost of storage can be readily
calculated for domestic premises which use dustbins and sacks.
The annual charge for a dustbin is calculated using a lifetime
of 8 years and interest rate 15%, cost £6.00.
1
52 plastic sacks @ 4 p. = £ 2.08
Annual charge for dustbin = £ 1.34
It may be concluded that in so far as storage is concerned 
the cheapest method for the domestic sector is:
1
Price for bulk buying estimated from Exchange and Mart 
and Transatlantic Plastics.
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1. Ordinary dustbins >.
/ Houses and flats
2. Plastic sacks )
3. Communal containers
) for flats
4. Chutes and containers )
However, local authorities do not always provide 
storage for refuse, this cost being incurred by the house­
holder. The proportions of privately and publicly provided 
receptacles is unknown, but it would be reasonable to 
assume that about 50% belong to each class, and therefore 
the average cost incurred by local authorities could be 
between £1.00 and £2.00, bearing in mind that a number of 
dwellings now require more than one receptacle and most 
of those in flats would be supplied by local authorities.
6.3 COLLECTION OF SOLID WASTES
Eleven methods of collection can be identified; the
first eight are used where dustbins and sacks are used for
;
storage, the remainder for bulk containers.
(i) The "kerbside" collection where dustbins are 
placed on the kerb by the householder, emptied by collectors 
into .the collection vehicle, and left on the kerb for the 
householder to return to the storage point. This method
is untidy, unhygienic, may be a hardship for many people 
and should only be tolerated where collectors would other-, 
wise have no access to the bins (Refuse Storage and 
Collection).
(ii) The use of "skeps" by the collectors. These 
are wide mouthed receptacles (often galvanised baths) into
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which the contents of the dustbin are tipped at the storage 
point. The skeps are emptied into the collection vehicle. 
The collectors therefore make one trip to the storage 
point. This system is the messiest, causing litter and 
dust, and its use is rarely justified (Refuse Storage 
and Collection).
(iii) The "collection and return" of the dustbin 
in which the collectors pick up the^  full bins from the 
storage point, empty them into the collection vehicle, 
and return the empty bins. The collectors are involved 
in two.trips to the storage point. This method may be 
noisy and untidy, but is the best of the traditional 
methods (those involving ordinary dustbins). It is 
not considered satisfactory if bins with detachable lids 
are used (Refuse Storage and Collection).
(iv) The*hdvance preparation", which is a variation
of (iii). The bins are brought out to the kerb by
members of the collection team before the arrival of the 
collection vehicle to await emptying. They are then 
returned to the storage point, thus involving the team
in two trips. The bins should (but rarely do) remain 
covered when on the kerb, should remain there for the 
shortest possible time, and be returned to the correct 
premises (Refuse Storage and Collection).
(v) The "collected bin" ,.method,in which the full 
bin is collected, but is left at the kerb after being 
emptied. The householder returns the bin to the storage 
point, and therefore the collectors have to make one trip. 
This mfethod was not regarded as satisfactory by the
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Working Party on Refuse Storage and Collection.
(vi) The "exchange bin" method where the collector 
exchanges the full bin for an empty one. The full bin 
is emptied, cleaned and taken to the next house. This 
involves the collector in one trip, but all bins would 
have to be owned by the Authority. This method was not 
regarded as satisfactory by the working party on Refuse 
Storage and Collection.
(vii) Any of the above methods may be used by with 
a dustless loading bin instead of a dustbin. The
former are lifted and emptied by specially equipped vehicles. 
Although cleaner than the traditional methods, the work of 
the collector is made more difficult as dustless loading 
bins are heavier and more awkward to carry than ordinary 
bins.
(viii) Sacks and bin liners are collected from the 
storage point, and new ones left in their place. The full 
sacks are put in the vehicle. The collector is involved 
in one trip. The sack system used properly is hygienic
and makes the work of the collector easier.
(ix) The communal container is wheeled to a specially 
equipped vehicle which lifts and empties it. The maximum 
distance recommended for wheeling is 10 yards (Refuse 
Storage and Collection).
(x) The container is emptied by the vehicle at the 
collection point.
(xi) The full container is exchanged for an empty
one and carried away on a special vehicle.
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For collection and storage at small premises the 
Working Party on Refuse Storage and Collection recommended 
only dustless loading bins and the use of paper sacks, 
with further investigation on the use of plastic sacks 
(which were quite new at the time of the Report). Sub­
sequent experience of Local Authorities with dustless loading 
has led to the Standing Committee on Research into Refuse 
Collection, Storage and Disposal (First Report of) being 
unable to recommend it (due to high labour costs and 
difficulty in obtaining spare parts for the vehicles).
The situation with large blocks of flats is still 
not clear as there is a large research effort being put 
into pipeline collection systems (Section 6.7) and on­
site disposal (Section 6.8). For these premises and others 
with large outputs of waste, large containers are pre­
ferable to small ones in all circumstances where there is 
sufficient access for collection operatives.
Collection methods used by Local Authorities are 
shown in Table 6.3, and their frequency of collection 
in Table 6.4. The Working Party on Refuse Storage 
and Collection recommended that the collection of domestic 
refuse should take place at least once weekly.
6.3.1 COST OF COLLECTION
The methods of collection are all labour intensive, 
and whilst no monetary costs of the various methods 
have been published, the labour content of some methods 
has been studied by the London Boroughs * Management 
Services Unit and P.A. Management Consultants Ltd.
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Table 6.3 Local Authority Collection Method in England
and Wales 1964
No. of premises %
Kerbside Collection 2,335,000 15
Skeps 3,385,000 21
Collection and Return 8,479,000 54
Advance Preparation 1,433,000 9
Exchange Bins 46,000 1
Paper sacks 65,000 1
100.00
Source: Refuse Storage and Collection
Table 6.4 Frequency of Local Authority Collections
(England and Wales 1964)
Houses and 
Bungalows
Flats and 
Maisonettes
Trade
Refuse
No. of 
Authorities % No, % No. %
Less than once weekly 237 17 135 12 137 11
Once Weekly 1048 77 848 78 803 65
Twice or more weekly 79 6 105 10 290 24
Source: Refuse Storage and Collection
- 176
(Refuse Storage and Collection pp 92-95). The results 
of these two studies (Tables 6.5 and 6.6), show that paper 
sacks require the least labour for small receptacles.
The figures in Table 6.2 indicate that collection 
costs per dwelling for communal containers is 3/5 of that 
for ordinary bins.
6.4 PRIMARY TRANSPORT
Primary transport is that used to take wastes from 
the premises where they are produced to a transfer loading 
station or disposal site. This transport is by road. The 
numbers and types of vehicles used by local authorities 
in England and Wales in 1964 are given in Table 6.7. Four 
general factors have drastically affected the design of 
refuse collection vehicles in this country (Refuse Storage 
and Collection).
(i) Public desire for improved standards of 
cleanliness; many vehicles can now collect refuse so 
that it is not readily seen and does not give offence 
by smell, dust emission, or the spillage of litter.
(ii) The need for bigger payloads and capacities 
to cope with the growing bulk and falling density of 
house refuse and to reduce costs. This has led to the 
introduction of bigger vehicles and to much more
use of compression devices to crush the refuse in the 
vehicles.
(iii) The recognition of the importance of better 
working conditions for refuse collectors; the drivers
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cabins are now designed to provide comfort for the 
collection teams.
(iv) The manufacturers, in common with other 
makers of vehicles and machinery, are continuously improving 
the design of their products and providing them with more 
sophisticated and more effective equipment. Bodies made 
of alloy steel, fibreglass and aluminium alloy, lighter 
in weight and better able to withstand abrasion or 
corrosion, are being introduced.
These factors have resulted in the modern refuse 
collection vehicle being large, with a comfortable cabin 
and light body construction. It is rear loading and 
fitted with a compression device. Most can be modified 
to lift and empty communal containers or dustless 
loading bins.
These vehicles are probably more common than the vehicles 
with no compression devices which predominated (58%) in 
1964.
There are specially designed vehicles for emptying 
other large containers, and for use with interchangable 
containers (skips). The private collectors use these 
vehicles, which are also used for special purposes by 
Local Authorities.
Some Authorities use a relay system of collection where 
there is a fairly long haul to the disposal site. . When 
the collection team have filled one vehicle it leaves for 
the disposal site, and is replaced by an empty vehicle which 
is then filled, thus fully utilising the labour of bhe 
collection team. This system obviates the need for a 
transfer loading station.
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6,4.1; COSTS OF PRIMARY TRANSPORT
The cost of primary transport depends on.'the distance 
between the collection area and disposal site or transfer 
Station (Table 6.8). No costs of primary transport 
are available.
Table 6.8 Average Haul of Collection Vehicle to Disposal
Site (1964) (Primary Transport)
Average distance 
miles
6 6-10 11-20 20 Total
No. of authorities 1032 250 50 32 1364
Source: Refuse Storage and Collection
6. 5 TRANSFER LOADING STATIONS
Transfer loading stations are required where second­
ary transport to the disposal site is necessary. This 
occurs when wastes have to be carried over long distances. 
That is, the cost of operating the transfer station plus 
the cost of bulk transport is less than the additional cost 
to the collection service if the refuse were taken direct 
to the disposal site in the collection vehicles. The 
additional costs include the waiting time of collection 
crews, or the cost of extra transport if a relay system is 
worked.
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Transfer loading stations may be designed simply 
to facilitate the transfer of wastes from primary to second­
ary transport. However, they usually include some form of 
pre-treatment such as pulverisation or compaction (Sections
7.2.4 and 7.4.1 ) to reduce the volume of waste and make 
the secondary transport more effective.
The layout of a typical transfer station including 
compaction is illustrated in Figure 6,2.
Transfer stations are used both by Local Authorities, 
who operated 38 in 1964 (Table 6.9) and private contractors.
Table 6.9 Local Authority Transfer Stations (1964)
Capacity Tons/Shift 50 50-100 100 Total
Number 3 9 26 38
Source: Refuse Storage and Collection
6.5.1 COST OF TRANSFER LOADING
The cost of transfer loading in a simple station was 
esimated at about 50p/ton in 1969 (Refuse Disposal). In 
a private communication Higginson stated that G.L.C. 
transfer costs ranged from 15p. to 45p. per ton (January 
1973). The use of mechanical equipment such as 
pulverisers would significantly increase the cost (the 
cost of pulverisation is discussed in Section 7.3.2).
The capital costs of transfer loading stations can vary 
widely depending on the equipment included.
-183 -
Figure 6.2 Typical Transfer Loading Station
(with Compaction)
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6.6 SECONDARY TRANSPORT
Road, river, or rail bulk transporters are used for the 
secondary transport of solid wastes (i.e. transport between 
transfer loading station and disposal site).
The most widely used form of transport is large 
articulated trucks, which are sometimes fitted with 
compression devices. Detachable container bodies appear 
to provide cheaper storage facilities than separate storage 
bunkers, and permit full use of tractor units (Refuse 
Disposal, p.71).
The Greater London Council use barges on the river 
Thames to transport refuse to the Essex marshes. They 
have transported crude, compacted, and pulverised refuse 
and have found that the last is easiest to handle and causes 
least litter (Ferguson p.84).
Rail transport is no longer used in this country since 
the G.L.C. Ashburton Grove Transfer Station was converted 
to road transport in 1970, as a result of the closure 
of the branch railway line (Higginson). However, rail 
transport is used in the United States, arid the G.L.C. 
plan to build two new rail transfer stations (Millard 
p. 475). The G.L.C. have contracted to deliver 1200 tons 
of refuse daily for the next 21 years to The London Brick 
Development Company, who are to finance and operate the 
project. At the same time the G.L.C. plan to construct 
their own terminal to transport 800 tons of refuse per 
day.
Detail of Local Authority operations are given in 
Tables 6.10 and 6.11.
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Table 6.10 Secondary Transport Hauls (by Local Authorities)
1964
Totals 8 miles 8-15 miles 15 mile?
Crude Refuse 95 72 21 2
Plant Residues 62 58 4 -
Total number of 
Authorities 157 130 25 2
Source: Refuse Storage and Collection
Table 6.11 Bulk Transporters used for Secondary Transport
with Local Authorities (1964)
30 cu.yards 30 cu.yards Total
Crude Refuse 108 124 232
Plant Residues 126 13 139
TOTALS 234 137 371
Source: Refuse Storage and Collection
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6.6.1 COSTS OF SECONDARY TRANSPORT
The cost of secondary transport is dependant on the 
distance travelled, and the density of refuse to be 
transported (i.e. the amount of bulk reduction).
G.L.C. costs for January 1973 were £1.25 - £1.62 
per ton (Higginson - private communication).
One estimate of the cost of road transport in the 
range of 20 to 40 miles return distance unit costs were . 
between 3% and 5 p. per ton-mile in early 1972 (Patrick p.396).
6.7 COLLECTION BY PIPELINE
The collection of solid wastes from domestic premises 
is the most labour intensive part of the collection service 
and so research into the mechanisation of this process 
has been, and is taking place. The possibility of on­
site disposal (Section 6.8) has also been studied, in 
order to decrease the volume to be collected.
Large blocks of flats have been the subject of these 
researches. Each building has a fairly large output of 
wastes,although from a number of small units.
Six systems have been investigated or suggested,of 
which three have been used in practice.
6.7.1 GARCHEY SYSTEM
The Garchey system is a method of "centralisation1* 
of refuse first used in Paris in 1927. It was intro­
duced to this country in 1934. The system can be used 
to centralise refuse from one or a number of blocks of 
£lats.
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A special sink unit is required and refuse is fed into 
a waste tube in the centre of the bowl. The refuse is 
flushed by waste water down a refuse pipe into a collection 
chanber at ground level. The chamber is emptied by a 
tanker vehicle fitted with apparatus for the separation of 
water. The water is discharged into a sewer and the 
solids taken to the disposal point.
The Garchey system is hygienic and expeditious for 
the housewife and is capable of handling a wider range 
of waste materials than the kitchen grinder (Section 6.7.2). 
However, certain refuse (which is too large to fit in the 
refuse tube)still has to be collected by conventional means.
6.7.2 SEWER SYSTEM
There already exists a system for the hydraulic 
transport of wastes from most premises in this country - 
the sewage system. The possibility of using the sewers 
for refuse collection is very real and is already used to 
a small extent in this country (approximately 1.5% of 
households in Greater London). The sewers are a collection 
system for a whole town.
Kitchen grinders (garburators) are fitted beneath 
the kitchen sink. These grind refuse and flush it into 
the sewer with water. The proportion of refuse which 
present ginders can cope with is fairly small (about 10%) 
(Flintoff and Millard) but this is the putrescible 
fraction and makes the storage of the remaining refuse in 
bins and sacks more hygienic. However, the small
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reduction in volume means that collections are necessary 
as frequently as before.
Modifications of the grinder would enable the organic 
and paper content of refuse to be treated (approximately 
75% of total), but of course, the paper Could not be 
recycled. The reduction in the organic content could, 
affect some disposal methods.
It does not appear that the general use of kitchen 
grinders would overload the sewage system, but treatment 
plants already operating at capacity would be affected 
(Skitt).
One major disadvantage is the increased consumption 
of water which results from the use of grinders. Even’ 
,wetl countries like Britain face water shortages, and in 
many hot countries where separate disposal of putrescible 
garbage would be a great advantage, water is much too 
valuable to be used in this way.
6.7.3 SLURRY SYSTEM
If the solids content in a slurryof disintegrated 
refuse and water exceeds 7%, the paper component forms 
a "matrix"which supports and transports the denser 
components (metal, glass etc.). Such a slurry does 
not settle and may be pumped at low velocities.
A wet grinder could be fitted in each kitchen, which 
would produce a slurry of suitable concentration and pump 
it away from the premises down a pipe to the main pipe using 
waste water as the transporting medium. Subsidiary 
collection and pumping stations could service a whole
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town and pump the slurry direct to the disposal site, or 
transfer loading station.
A slurry transport system is commercially available, 
but the grinders are too large for domestic use and 
metal objects are rejected.
Difficulties include maintenance of slurry concentration 
at about 7%. In addition, the abrasion resistance of the 
pipes is unknown and the possibility of bacterial activity 
requires investigation.
6.7.4 FLOATING CONTAINERS
A manually operated compactor in the kitchen could be 
used to pack refuse into waterproof cylindrical containers 
(150 mm diameter x 400 mm). These would be sealed when 
full and introduced into a 225 mm pipe and flushed away 
by waste water. After centralisation the cylinders and 
waste water would be separated. This could be a complete 
collection system as it is proposed that the new pipeline 
would replace the 100 mm pipes from houses to the main 
sewers.
6.7.5 PNEUMATIC TRANSPORT OF CRUDE REFUSE
The centralisation of. crude refuse from multi-storey 
flats by pneumatic transport through pipes has been in 
use in Sweden for several years. The Westminster City 
Council is incorporating the system at its Lisson Green 
Estate.
Each flat is served by a vertical refuse chute at the 
bottom of which is a plate valve. The refuse drops onto
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this and it is opened at predetermined Intervals allowing 
the accumulated refuse to enter the main 525 mm transport 
pipe. the refuse is sucked along the pipes by extractor 
•turbines to a storage hopper. The refuse can be treated 
at this central point before collection. The system Is 
said to be effective over a distance of two miles.
The system could be adapted to low rise dwellings by 
having a shared inlet between a pair of houses, possibly 
outdoors.
A collection service is still required for bulky items.
6.7.6 THE PNEUMATIC TRANSPORT OF PULVERISED REFUSE
The pulverisation of refuse prior to pneumatic transport 
would enable smaller pipes to be used. It has been 
suggested that either each household or a groups of 
households should have access to a grinder. This system 
would be able to transport greater quantities of refuse 
faster than 6.7.5, and is being investigated at the 
Building Research Station.
A collection service would be required for bulky 
items.
6.7.7 THE COST OF PIPELINE COLLECTIONS
Courtney and Sexton calculated the costs of various 
pipeline collection systems in 1970 (Table 6.12). Their 
calculations of present cost are described in their paper.
"In order to compare the high capital cost of a 
mechanised collection system with the higher operating 
costs of traditional methods, the outlay over a number of
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years must be estimated and future expenditure suitably 
discounted and summed to give the 'present' cost of each
system. The expendiutre of £P in the year (1970 + n)
is discounted at p% to a present cost of £P(l-p/100)n.
This allows for the fact that capital can be invested 
now to pay for future expenditure. In the present paper,
the period considered is 1970-2000 A.D. and a discount
rate of 8% has been used. Some costs (e.g. those concerned 
with domestic equipment) may fall directly on the house­
holder; others bear directly through the Local Authority. 
Here no distinction is made and only total costs are 
given".
Garchey system costs were about four times that of an 
ordinary bin system according to figures in Table 6.2.
6.8 ON-SITE DISPOSAL
Pretreatment and disposal processes may be scaled down 
fur use in multi-storey flats and other premises with 
large outputs of waste in order to reduce the volumes of 
material for collection.
Processes which are being used are compaction and 
incineration.
The most Common compaction system is one which uses 
refuse sacks. These are manually fitted to a carousel and 
filled in turn with refuse which is compressed into the 
sacks by a pneumatic ram. This achieves a volume reduction 
of about 10:3. The full sacks are removed manually from 
the carousel and stored for collection. The collection
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vehicle need not be fitted with a compaction device.
On-site incinerators are not fired continuously, but 
for short periods several times a day. Combustion is not 
as efficient as in large incinerators, sometimes leaving 
articles unchanged. Skilled and regular maintenance are 
essential to ensure that efficient combustion and flue gas 
cleaning (by secondary burning) occur at all times. Both 
the Working Party on Refuse Storage and Collection and that 
on Refuse Disposal raised objections on these grounds.
In New York legislation requires that existing on-site 
incinerators must be fitted with smoke control devices and 
prohibits such equipment in new dwellings.
Special vehicles adapted to carry ash would be required 
for collection. .
The situation may be summarised by a quotation from a 
recent study:
"To summarise, both types of plant have obvious 
advantages and disadvantages. For instance incinerators 
reduce refuse to about one-tenth of its original volume.
On the other hand, they add to the general level of atmos­
pheric pollution, they need skilled maintenance and an ex­
pensive chimney. Compactors do not reduce the volume of 
refuse as much as .incinerators and make little difference 
to its rate of decomposition, hence at least a weekly 
collection remains essential, but they do not cause pollution 
are cheaper than incinerators and can be readily installed 
in many existing buildings." (Sexton and Smith).
The operation and costs of these processes is summar­
ised in Tables 6.13 and 6.14
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6.9 THE EFFECT OF PLASTICS WASTE '
Plastics do not cause any hygiene problems unless they 
are contaminated with putrescible material. They can 
therefore be stored for any length of time if space permits.
Due to the increasing volume per household of refuse 
to which plastics contribute significantly (Chapter 4) 
more storage receptacles are required. A number of house­
holds now require two receptacles.
Discarded plastics can easily be blown about by the 
wind if the lid is left off the dustbin or it is overfilled.
The increase in volume of wastes is also the main 
problem affecting the collection and transport of waste 
material and has led to the development of compaction 
devices for collection vehicles, and the use of pretreatment 
at transfer stations. The greater number of receptacles 
has resulted in more trips for collection teams.
The increased volume therefore involves Local 
Authorities, in particular, in increased capital and labour 
costs for collection services.
All the pipeline methods of collection, except the use 
of kitchen grinders, would be expected to deal satisfactorily 
with plastics, provided that the plastic articles are of 
a suitable size. It is stated that kitchen grinders may 
be blocked by plastics materials. They are easily un­
blocked however (Flintoff and Millard).
An increased quantity of plastics could adversely 
affect the operation of on-site incinerators, and an increase 
in proportion of PVC could lead to air pollution problems 
(See Section 7.2.6 ).
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CHAPTER SEVEN
SOLID WASTES: DISPOSAL AND SEPARATION
PROCESSES AND PLANTS
¥ 202 -
7.1 DISPOSAL AND SEPARATION PROCESSES AND PLANTS
Various disposal and separation processes and plants 
are described and their merits, costs and the effect of 
plastics waste are discussed in this chapter.
The ideal disposal process should convert all wastes 
to a chemical and biological innocuous state and at no 
time constitute a nuisance or health hazard to the 
community. All the mechanical disposal~proCesses are 
really a form of pretreatment to reduce the volume of solid 
waste which has to be disposed on land (i.e. controlled 
tipping). •
Separation plants are designed to facilitate the 
removal of resaleable items from solid waste. This has 
the dual effect of providing revenue from the salvage 
and reducing disposal costs (by reducing the volume to be 
disposed of).
Disposal methods which are already used in the United 
Kingdom are dealt with first in this chapter; followed by 
disposal methods which are being investigated (some of 
which are already operational in other countries), and finally 
by separation techniques and plants.
7.2 METHODS OF DISPOSAL USED IN THE UNITED KINGDOM
The methods of solid waste disposal are common to both 
the Local Authorities and the private contractors. They 
are not necessarily utilised in the same proportions by 
both sectors, however.
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The percentage of waste disposed of by each method by 
Local Authorities in England and Wales as found in '1966/67 
(Refuse Disposal) and estimated in 1972 (D.O.E. - private 
communication) are shown in Figure 7.1.
The method of disposal by which the solid waste produced 
by 1186 industrial premises was disposed of in 1966 
(Disposal of Solid Tbxic Wastes) is shown in Table 7.1.
7.2.1 DUMPING
Dumping is the oldest method of disposing of solid 
wastes. The wastes are simply tipped on any available 
piece of ground.
Indiscriminate dumping of inert wastes is at worst 
unsightly, but dumping of other wastes can be a danger 
to public health. Ground water may be polluted, vermin, 
flies and other pests may breed, and fire risks might arise.
As man has become more technologically advanced dumping 
has evolved into controlled tipping (7.2.3) in which wastes 
are disposed of safely by tipping. Land reclamation 
recognises that controlled tipping on otherwise derelict 
land (marshes, quarries etc.) can reclaim it for use for 
agricultural, recreational or building purposes.
Uncontrolled dumping, even of inert materials, often 
leaves the site unfit for any purpose. For example, 
the slag heaps in Wales are dumps of inert material. In 
some cases they can endanger life by slipping.
Dumping of plastics causes a litter problem as a large 
number of plastics materials may be windblown (film, bags, 
etc.).
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90
Sources: ° = Refuse Disposal
X = D.O.E. Communication
Composting = 0.3% (from both sources)
40
66/67 68/69 70/71 72/73 74/7
Figure 7.1 "Market Shares" of Disposal Methods
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7.2.2 DUMPING AT SEA
This method, practised by a few coastal authorities, 
was abandoned in the early.1950s. The method is not 
satisfactory as some of the lighter materials were eventually 
deposited on beaches, even with the denser refuse of that 
time. The present, much lighter refuse is completely 
unsuited to this method of disposal.
The refuse was transferred from collection vehicles 
into specially designed hopper barges which then deposited 
it into the sea some miles offshore where is was expected 
to be dispersed by currents.
The solid wastes produced on board ships gets dumped 
overboard. This practice may be acceptable if the wastes 
are non toxic and degradable (food and paper), or if they 
are inert and heavier than water (glass). However, the 
dumping of plastics overboard is not a disposal method, but 
a method of transportation, as most of them float or remain 
suspended in sea water. They are carried by currents and 
end up as litter on some coast line. Even at this early 
stage in the development and use of plastics they can be 
found on Britain's coast, the result of such "disposal" 
methods (Section 11.1.2).
Clearly, there is an argument for compaction and baling 
on ships so that they cab retain some of their wastes for 
collection in port.
7.2.3 CONTROLLED TIPPING
Tipping allows the biochemical conversion of organic 
wastes into an innocuous mass of minerals and humus in situ.
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Controlled tipping permits this to occur without causing 
a nuisance or health hazard.
Pollution of ground waters is prevented by careful 
selection of sites and by consultation with planning 
authorities. If necessary, the rain water which drains 
from the tip is collected and discharged into a sewer.
The sites most frequently chosen for controlled tipping 
have been old mineral excavations, disused railway cuttings, 
low lying land, marshes and foreshores. The Working Party 
on Refuse Disposal also suggest that the site should be at 
least 200 yards from the nearest habitation.
The wastes are compacted and deposited in cells by a 
bulldozer and these are sealed with earth or other inert 
material (Figure 7.2) The compaction and continual sealing 
of the wastes with inert material reduces the attractiveness 
of the site to rats., flies and other pests. It also 
reduces the amount of litter and the time the waste is 
exposed to scavengers (e.g. birds). The inert sealing 
material reduces the risk of large tip fires and also 
reduces odours from the tips.
The practice of controlled tipping is based on 
recommendations first issued by the Ministry of Health 
in 1936, and updated by the Department of the Environment. 
These were modified, with additions, into a suggested 
Gode of Practice by the Working Party on Refuse Disposal 
1971.
Figure 7.2 Controlled Tipping
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Working Party Code of Practice
1. Refuse should be formed into a layer as soon as 
possible after tipping and not later than the end of the 
working day on which the refuse is received.
2. The layer of refuse should be formed using a tractor 
equipped with a blade or other appropriate levelling 
device. Refuse should be deposited on the surface of the 
tip behind the face and partially compacted by the tractor 
before being pushed over the face.
3. The layer of' refuse should be formed so that it does 
not exceed 8 feet in depth after initial compaction. Where 
the material tipped is pulverised refuse, it may be necessary 
to restrict the depth of layer to 4 feet after initial 
compaction on some sites close to development.
4. As tipping proceeds (and not less frequently than
at the end of each working day), all tip faces and flanks 
should be consolidated and formed to a gradient not steeper 
than one in three by driving the tractor up and down the 
tip face.
5. The tipped material should be covered progressively 
so that all surfaces including the tip face and flanks are 
covered at the end of each working day with a layer of 
suitable sealing material spread so that it is not less 
than 9 inches thick, except that the thickness of covering 
material on layers formed solely of pulverised refuse need 
not exceed 6 inches.
6. All large articles such as furniture or hollow 
containers should be tipped in front of the tip face.
They should be crushed, broken up, or flattened by the 
tractor and covered each day by other refuse, in such a
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position that they are not within 3 feet of the tip surface 
or 6 feet from the tip faces and flanks.
7. Any material consisting wholly or mainly of fish,
animal wastes, condemned food, including tinned or 
packaged food, or highly obnoxious matter should be tipped
in front of the tip face and covered immediately by other
refuse in such a position that the material is not within 
3 feet of the tip surface or 6 feet from the tip- faces or 
flanks.
8. Screens should be erected at intervals near the 
tipping point, having regard to the direction of the pre-* 
vailing wind so as to reduce to a minimum loose paper, 
plastics sheeting etc., being blown from the place of 
deposit.
9. Not less frequently than once each week, any loose 
refuse, tins, bottles' etc., which may be lying on the 
tip site should be gathered and removed.
10. Such action as may reasonably be necessary should be 
taken to prevent the deposit of mud on highways outside the 
tip area by vehicles travelling from the tip. Any deposits 
of refuse, mud, etc., on nearly highways or surrounding 
land caused through the tipping operations should be 
removed as necessary.
11. Suitable arrangements should be made for dealing 
satisfactorily with any material which may be permitted
to be accepted at the tip after normal working hours, e.g. 
facilities provided under the Civic Amenities Act 1967.
12. (a) No waste materials should be burnt within the 
curtilage; of the tipping site.
(b) Immediately on discovery, such emergency action
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as may be necessary should be taken to extinguish any 
fire in or on the tipped refuse.
i3. To control infestation by insects and vermin, the 
entire tip should be inspected as often as necessary and 
corrective action taken where required.
7 . 2.3.1 Discussion
Controlled tipping involves.little cost in plant, 
equipment and labour, and the procedure is relatively 
simple. However, there are a number of people who aver 
that it is impossible to control refuse in the crude state, 
no matter how conscientious the Authority is (Skitt).
The reason given is that the domestic refuse of today 
contains too high’ a proportion of low density materials which 
may become airborne either when being discharged or when 
lying on the face of the tip, and therefore some form of 
pretre&tment is required before tipping. In addition, 
suitable inert sealing material is sometimes difficult 
to obtain.
Land reclamation is an aspect of controlled tipping 
which makes it an attractive method of disposal. It has 
been estimated that in the twenty years to 1971 nearly 
27,000 acres had been reclaimed in England. Of this, 
nearly 20,000 acres had been put to use, mainly for amenity 
and agricultural purposes (Refuse Disposal). The value 
of this land at current prices (£700/acre for agricultural 
land) is about £14-20 million.
Although the volume of mineral mined greatly exceeds
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the volume of solid wastes produced in this country, the 
excavations are not always suitable for controlled tipping. 
The greatest volumes of solid wastes (other than mining 
wastes) are produced in the great conurbations, which are 
not usually near mineral excavations. Thus, if these 
mineral excavations were to be used as tipping sites, the 
wastes would have to be transported. London’s refuse is 
already transported some distance to derelict land 
(e.g. the Essex marshes). Over very long distances trans­
port of wastes becomes expensive (Section 6.6).
As the public becomes more aware of pollution risks, 
Planning Authorities are becoming more stringent in their 
regulations for allowing controlled tipping. They have 
reduced the number of sites where controlled tipping 
is/will be allowed and they also require pre-treatment 
of wastes in many cases.
Local Authorities therefore find it difficult to find 
suitable tipping sites, and it is for these reasons that 
there is interest in pretreatment and other disposal methods. 
These all leave a residue which has to be tipped, but the 
volume is reduced.
A possible disadvantage of tipping is that no material 
can be recovered once tipped. The only resource which 
is recovered is derelict land.
Controlled tipping is therefore a reasonable method 
for disposal of solid wastes. Unfortunately, it appears 
that about 30% of the tonnage deposited at Local Authority 
tips in 1971 was tipped in a crude or semi-controlled manner 
(Refuse Disposal). The situation in private tips appears 
to be worse.
- 213 -
7 . 2.3. 2 Effect of Plastics
It was pointed out in Section 2.4.6 that plastics have 
a low density and are not biodegradable. It is these 
properties which affect controlled tipping.
They take up more space in the tip than is apparent 
from the analyses by weight of solid wastes, and as they do 
not dggrade they continue to take up this space. Plastic 
containers are quite -resilient and thus contribute to the 
"springiness" of the top layer. It is said that if the 
plastics concentration reaches 5 - 6% in tipped wastes,, 
the land recovered may be unsuitable for roads, buildings, 
or other load-bearing purposes (Staudinger, p. 45), although 
no evidence has been put forward.
When waste material is transferred from collection or 
bulk haulage vehicles to the tip light materials (paper, 
plastic film, cups etc.) may be caught by the wind and be 
blown about causing a litter problem. If screens are 
provided this would not be a major problem.
7.2.4 PULVERISATION
Pulverisation is a term used in solid wastes manage­
ment to cover any process which reduces the particle size 
of wastes. Common methods involve crushing, beating, 
shredding and shearing actions.
Pulverisation is used as a pre-treatment for con­
trolled tipping, composting, incineration, and pyrolysis.
It is also used in transfer loading stations. One unit 
of volume is reduced to about 0.7 units (1:0.7).
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Pulverising machines are of two categories: those
which require water or other liquid as an integral part 
of the process, and those which operate dry.
Most of the "wet" machines are in the form of a large 
horizontally rotating drum (Figure 7.3). The charge is 
wetted, often with sewage, to reduce the strength of 
fibrous materials, and is reduced by attrition, abrasion 
and turbulence caused by the churning effect of the 
rotating drum. Pulverised refuse can be separated from 
rejects by an inner and outer rotating drum. The 
inner drum is perforated allowing pulverised refuse to 
drop through.
"Dry" pulverising machines are generally of the hammer 
mill type (Figure 7.4). Swinging or fixed hammers pivoted 
on shafts in a confined casing break up waste material by 
shredding and impaction. Ballistic separation may be 
effected by throwing uncrushable material upwards into a 
hopper. Materials rejected include metal, leather, rubber, 
nylon and some plastics. One of the main operating costs 
is the replacement of the hammers. Overloading causes 
excessive wear on them.
"Dry" machines have a higher peak power demand than 
the "wet" machines, although, power per ton may not be 
higher. Hammer mills give greater control over particle 
size, glass is more finely pulverised, and the proportion 
of rejects is lower.
Presorting of bulky items is required for the "wet" 
machines, but they are not as vulnerable as hammer mills
ha.w'rfiers
OureA ctMn&ea
Ml
Figure 7.3 Wet Pulveriser
Fee}
Figure 7.4 "Dry"-' Pulveriser
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to problems involved with fluctuating feed rates. As 
wetting involves an increase in density ’'wet1' machines are 
not suitable for operation in transfer loading stations.
Impact breakers and shearing machines have been 
specifically designed to break up items of bulky waste such 
as cookers, refrigerators and furniture.
7.2.4.1 Discussion
(i) There is a reduction in volume, thus giving better 
payloads in transfer loading. However, the product from 
the "wet” types would tend to build up on conveyor belts 
and chutes, while that from dry types could create a dust 
problem.
(ii) The use of pulverisation as a pretreatment is 
advantageous to both mechanical and non-mechanical composting 
(Section 7.2.$. The greater surface area of the particul- 
ated refuse'increases degradation rates and gives greater 
control over the time taken and quality and consistency of 
compose produced.
(iii) The use of pulverisation as a pretreatment for 
controlled tipping is the subject of much debate. The 
arguments have been conveniently summarised by Skitt:
For the use of pulverisation
(a) That because the material is more homogeneous 
after pulverisation, there are fewer voids, and there­
fore settlement is more even.
(b) That by reason of (a) land reclaimed by this 
material can be built on in a relatively short 
time (five years has been claimed).
(c) That no covering material is required and there­
fore valuable space is made available for refuse and 
increases tip life by as much as one third.
(d) That mixing of the constituent particles of crude 
refuse reduces the fire risk.
(e) That the control of pests is facilitated since 
the environment created is less conducive to their 
presence.
(f) That land which would otherwise be unsuitable for 
the tipping of crude refuse because of control 
difficulties, can be reclaimed by pulverised refuse, 
e.g. shallow parcels of derelict land in urban areas.
(g) That very few, if any, Local Authorities now tip 
to the letter of the proposed Minister's Code of 
Practice, and that whilst there may be other 
contributory factors, this proves the great difficulty 
experienced in operating a properly controlled tip.
(h) That there is no need to limit the depth of 
layers to 6 feet.
(i) That when tipped in water pulverised material • 
does not break away from the mass and float on the 
water.
(j) That no odour is produced from the tip.
(k) That due to tipping on "hard standing'*, maintenance 
on collection vehicles is reduced.
The arguments against
(a) Although pulverised refuse may take up less 
space in the tip when first deposited, the total
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reduction in volume is no greater than when crude 
refuse is tipped. Therefore, no additional space 
is gained in the process.
(b) That unless pulverised refuse is tipped in the 
wet state it will become airborne in the same way, 
and under the same circumstances, as crude refuse.
(c) That control of pests is not very difficult in a 
crude refuse tip.
(d) That the rate of decomposition is open to
question as there is less oxygen available in the
pulverised refuse tip.
(e) That for reason (d) temperatures are not sufficiently 
high to prove lethal to pathogens.
(f) That final cover is required both for crude and 
pulverised refuse and particularly in the single 
layer tip this takes up the space otherwise saved.
(g) That vehicles cannot travel on pulverised refuse .
and therefore some cover is necessary.
(h) That some major difficulties associated with 
tipping in water, namely pollution and drainage, are 
not obviated by pulverisation.
(i) Less compaction - fewer vehicles.
In relation to these arguments the findings and 
recommeridations of the Working Party on Refuse Disposal 
which are of interest are:
(a) It recommended that both crude and pulverised 
refuse should be covered.
(b) It accepted evidence that pulverised refuse 
did degrade more quickly.
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(c) First results indicated a one-third saving 
in tip volume using pulverised refuse.
(d) The tipping of pulverised refuse is less likely 
to involve the same potential problems aS tipping 
untreated refuse.
(e) The rejected material from the pulverisers 
remains to be disposed of. This is usually done 
by tipping and covering with pulverised refuse.
7.2.4.2 Effect of Plastics
The more brittle plastic articles (e.g. gramophone 
records) may be cracked and broken in some rotary drum 
pulverisors, but the rest are screened out as rejects and 
have to be disposed of as received.
The results of the treatment of plastics in hammer 
mills depends on the design of the machines. Some 
soft plastics such as plasticised PVC or LDPE holloware 
may be thrown out as rejects by ballistic action, while 
rigid articles are broken up.
There is no indication that a greater proportion of 
plastics in waste will adversely affect the operation of 
these machines. However, the proportion of rejects will 
also increase.
Rejected material is usually tipped and covered 
with pulverised material. Plastics cause no technical 
problems, but pretreatment of them by pulverisation has 
little benefit to controlled tipping.
- 220 -
7.2.5 COMPOSTING
Composting is a biological process which converts the 
organic material in wastes into a more stable material by 
the action of micro-organisms already present in the waste. 
The product is non-pathogenic and there is a volume re­
duction of about 1.0:0.9.
Originally waste was formed into layers or heaps which 
were occasionally turned to introduce oxygen and assist 
biological breakdown. These processes are too slow to 
be considered as viable disposal methods for the current 
large output of solid waste, and therefore mechanical com- 
posters have been developed. These considerably shorten 
the composting time by controlling moisture content and 
temperature to promote ideal conditions for microorganisms. 
It has been found that temperatures of 45° - 65°C and 
a moisture content of 40-60% is desirable. The temperature 
is reached through the activity of the microorganisms and 
the moisture content by the addition of water or sewage.
A typical mechanical composter is a slowly revolving 
cylindrical drum (Figure 7.5) into which the wastes are 
fed with moisture and air. The revolving action breaks 
up the wastes, moves them through the drum, and promotes 
aerobic bacterial degradation. The normal retention 
time is about five days. If the compost is to be sold 
it is usually screened to remove non-compostable material.
Most composting plants separate out metals, glass, 
and other hard, non compostable materials either before, 
or after composting. The wastes may be pulverised 
before composting.
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7.2.5.1 Discussion
The compost produced can be used as a soil conditioner 
which adds humus to the soil and improves the structure and 
water retention properties. Experience both in this 
country and the United States, however, has shown that 
it is difficult to sell the compost, the only appreciable 
outlet being market gardening.
As there is no market for the product, composting 
cannot be regarded as a method of disposal, but as a 
pretreatment for controlled tipping. The compost is 
very good material for controlled tipping, having many 
advantages over crude refuse. It is non pathogenic, can 
be tipped at any depth, will not catch fire, can be used
as cover for rejects and is not conducive to vermin.
It requiresno cover, and in fact can be used as the top
layer. There are also no drainage problems from a tip of
composted refuse. However, compost has few advantages 
over pulverised material, and the volume reduction is 
small. '
7.2.5.2 Effect of Plastics
Plastics are unaffected by the composting process 
and are either screened out before or after composting.
They do not adversely affect the process,.but an increased 
proportion of plastics in waste will increase the proportion 
of rejects.
If composting is regarded as a pretreatment for con­
trolled tipping, the process does not improve the behaviour 
of plastics materials in the tip.
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7.2.6 INCINERATION
iff
The incineration of solid waste is the high temperature 
oxidation (combustion) of waste with excess air to produce 
an inert inorganic residue, gases, and heat. The 
incineration of municipal wastes is not a new process; 
domestic refuse incinerators were built in this country 
nearly a century ago. Over the last ten years its use 
has increased significantly (section 7.2) with the need 
to conserve tipping space, as the volume reduction is 
about 1:0.1, and the weight reduction about 1:0.4.
The layout of a typical Local Authority incineration 
plant is shown in Figure 7.6. Wastes are delivered by 
primary or secondary transport (usually the former) and 
stored in bunkers. Bulky refuse is pulverised before 
discharge to the bunker. Grab cranes feed the waste 
from the bunkers onto a ’’continuous grate” in the 
furnace, which is maintained at about 1000°C. The ash 
is deposited into a water quench tank and conveyed to 
a storage hopper, from whence it is collected for 
disposal.
The heat produced may be utilised to raise steam for 
sale to nearby factories, or district heating, or for 
electricity generation.
The gases and the particulate matter entrained in the 
gas flow are normally only subjected to treatment by 
electrostatic precipitators or multicyclones to remove 
the particulate matter before discharge to the atmosphere 
through a chimney. The acidic gases produced (sulphur 
dioxide, sulphur trioxide, hydrogen chloride) are, dis­
charged into the atmosphere whence they are later 
precipitated as rain. These gases may be removed by 
wet scrubbers, but the present emissions from municipal
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Key to Figure 7.6
1. Reception pit
2. Grab
3. Crane
4. Feed Hopper
5. Feed Shiite
6. Feeding Ram
7. First Stage (Drying)
8. Second Stage (Combustion)
9. Third Stage (Burnout)
10. Ash Hopper/Primary Air Ducts
11. Secondary Air Ports
12. Ash Conveyor
13. Main Residuals Conveyor
14. Combustion Chamber
15. Cooling Tower
16. Cooling Residuals
17. Electrostatic Precipitator
18. Precipitator Residuals
19. Residuals Conveyor
20. Induced Draught Fan
21. Chimney
incinerators fall within the limits imposed on industry by 
t'he Alkali Inspectorate.
The technology of incineration is advanced, and there 
is a wide variety of designs, some of which deal with 
specific types of waste (e.g. wood, tyres, liquids and 
plastics - 7.5.1). Municipal incinerators built since 
1966 have been mostly of the "continuous grate" variety 
(which allows continuous operation), which is superseding 
the "batch grate" variety (which operate on a batch-feed 
system). A recent development is the incineration of 
sewage sludge with solid waste. Two such plants have 
been commisioned in this country.
Some plants include the separation of saleable items V 
prior to incineration, but most of the new plants only 
separate ferrous metals, and that after incineration.
These are then contaminated by ash and are thus less 
attractive to potential buyers.
7. 2.6.1 Discussion
Incineration is a hygienic method of volume reduction, 
the residue of which is inert and dense and may therefore 
be used for tipping on . sites where residues from other 
processes might not be permitted (e.g. in urban areas).
The process can readily be controlled, is continuous, and 
has a low labour content.
Particulate matter or noxious gases in the gaseous 
effluent could cause air pollution problems. Particulate 
matter is effectively removed by electrostatic precipitation
and multicyclones, which new incineration plants now in­
clude. If the emission of noxious gases becomes a problem 
wet scrubbers would be required. These are quite 
expensive - one estimate made the capital costs twice those 
of electrostatic precipitators and operating costs at 
least double those of precipitators (Conn).
The heat may be recovered and sold to subsidise 
disposal costs. A number of heat recovery systems involve 
the use of boilers to raise steam. As the temperature 
of gases from the incineration of municipal waste is less 
than that from the combustion of conventional fuels, a 
greater area is required for heat transfer. This means 
that plant to recover the same amount of heat is more 
expensive for waste incineration. Moreover, the gases 
from incineration contain fly ash and also acid 
gases. The former may form a deposit on the heat 
transfer surfaces, and the latter may corrode the metal 
surfaces.
If the gas leaving temperature is set at 260°C the 
heat obtainable from 1 tonne of municipal waste was about 
1.76 Kcalories (equivalent to 0.35 tonnes of coal or
0.2 tonnes of heavy fuel oil) in 1969. Changes in
the analysis of refuse (Section 4.2.2 )indicate that
this value is probably a bit higher now.
The main problem associated with the export of heat 
for use in factories is matching instantaneous supply with 
demand. The factory operator has to allow for plant 
breakdown and thus must have a stand-by heat raising 
plant, whilst the incinerator would require an alternative
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means of heat dissipation (in periods when the factory is 
closed).
District heating encounters much the same problems
as little use would be required in summer, and in winter
peak demand would be in the evening.
Electricity generation equipment is expensive, for 
example the Edmonton scheme with electricity generation 
cost £10.4 million; without, it would have cost £7.6 
million (Refuse Disposal p.162). It is therefore 
likely that it will only be practicable in very large 
plants.
Another possibility of utilising the heat from the 
combustion of waste is for the treatment of sewage sludge. 
This may be achieved in four ways:
(a) Sludge from 20% of the population may be
destroyed by injection spraying into the combustion 
chamber of an incinerator designed to cope
with solid waste from the whole population 
(Bowen et al.).
(b) The sludge can be mechanically de-watered 
by vacuum filter, and the wet cake fed to the 
incinerator grate by a sandwich technique. In 
this case sewage from nearly the whole population 
may be dealt with (Bowen et al.).
(c) The sludge may be de-watered using heat from 
the incinerator in an evaporative process 
(possibly in combination with a mechanical 
process) and burning the residue with the solid 
waste.
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(d) The heat may be used to operate an entirely
separate sludge incinerator.
If only ferrous metals are reclaimed other useful 
materials (e.g. paper) may be destroyed. It would be 
difficult to arrange separation in modern plants if 
recycling became economically desirable.
Incineration plants are said to be difficult to 
expand once built. This means that an incinerator would 
have to operate below capacity for the first part of 
its life (e.g. only working one or two shifts, or on 
reduced throughput), or output of solid wastes would 
soon overtake capacity. This under-utilisation 
would result in increased costs (Section 7.3.3).
7.2.6.2 Effect of Plastics
Plastics affect the operation of incinerators and may 
cause problems in the following areas:-
1. The heat release in the furnace.
2. Plastics melting on the grate.
3. Emission of black smoke.
4. Emission of toxic or hazardous gases.
5. Corrosion by hydrogen chloride.
1. Incinerators are designed to withstand a certain 
heat release (design throughput multiplied by maximum 
calorific value of refuse) in the furnace and if this value 
is exceeded the refractories and grates may be damaged 
and the flue gas cooling system overloaded. The capital
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cost is partly dependent on the calorific value of 
the material to be incinerated.
The calorific value of refuse is increasing 
(Section 4. 2.2) and if it exceeds the maximum 
specified in the design the throughput would have to be 
reduced. This has already happened in Japan, and the 
first continuous grate incinerators built in Britain are 
now operating at the top end of their design rating 
(Robertson p.162).
Incinerators are now designed to cope with higher 
heat release values but consequently cost more.
2. If present in large quantities thermoplastics, which 
melt between 150° and 250°C, may block the holes in
the grate which permit the passage of air for primary 
combustion. If this occurs, the grate could prematurely 
fail.
There are insufficient plastics in domestic waste to 
cause this problem, but if extra plastic waste has to be 
incinerated it should be mixed with the other wastes.
If is unlikely that the heat release limits for the 
furnace will allow the plastics concentration to rise 
to a level where this becomes a problem (Robertson p.163).
3. Black smoke is produced when there is insufficient 
air supplied to the burning zone. Plastics require three 
to four times as much air for complete combustion as an 
average sample of refuse. The air supply to municipal 
incinerators is greatly in excess of that required, but
as the quantity of plastics increases so will the air 
requirement.
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However, the heat release limitation of the furnace 
will be reached before the plastic content is sufficient 
to produce black smoke (Robertson p.166).
4. The main source of toxic gases from the combustion 
of plastics is PVC, the chlorine content of which is 
converted to hydrogen chloride. Emission of HCl by 
incinerators burning large quantities of PVjC, and by 
industrial plant is subject to a statutory limit. The
3
concentration in the flue gases must hot exceed 0.2 grains/ft 
3(460 mg/m ). It would be reasonable to assume that if a
statutory limit were to be imposed on municipal incinerators
it would be set at the same level.
The HCl concentrations in flue gases for a number of
incinerators burning normal refuse and also refuse with added
PVC are given in Table 7.2. Generally speaking the
3
HCl concentration exceeds 460 mg/m if the PVC proportion 
exceeds 0.5% W/W.
A research project has been carried out on HCl 
emissions from the Salford municipal incinerator 
(Robertson). The HCl concentrations found were plotted 
on a graph against PVC proportion (Figure 7.7). Con­
clusions drawn from the investigation were:
(a) The burning of domestic refuse containing no 
PVC would have produced an HCl concentration of
210 mg/m at N.T.P.
(b) The burning of present day domestic refuse
(0.15% >z/w PVC) increases the HCl concentration by about 
24%, and therefore PVC is not the major source of HCl 
in municipal incinerators burning domestic refuse,.
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(c) Sodium chloride (common salt) in refuse produces 
significant quantities of HCl, and is a possible source of 
most of the remaining 76%.
(d) For every 0.1% increase in PVC proportion the HCl
3
concentration was increased by about 40 mg/m at N.T.P.
(e) If the PVC proportion rose to about 0.61%
3the HCl concentration would rise to about 460 mg/m 
(the possible statutory limit).
(f) The addition of sodium carbonate did reduce 
HCl emission, but not sufficiently to justify its use.
(g) No chlorine or phosgene gas were detected.
The Salford incinerator uses water sprays to cool the 
gases, and the gas concentrations given only apply to this 
type of incinerator. Those using air attemperation 
( a forced draught system) to cool the gases dilute them, 
giving HCl concentrations only about one third of those 
found atthe Salford incinerator. Incinerators which use 
indirect heat exchange systems to cool the gases would 
probably have HCl concentrations about 30% higher than 
those at Salford.
Plastics containing nitrogen, fluorine, bromine and 
sulphur also may produce toxic gases. These are only 
present in very small quantities and do not cause a problem. 
Normal and synthetic rubbers contain significant quantities 
of sulphur, but local authorities do not accept car tyres 
which are the main outlet for these materials.
5. Incinerator gases are both corrosive and abrasive 
as they contain acidic gases and particulate matter.
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Hydrogen chloride is a corrosive gas, and its concentration 
is increased by the incineration of PVC. It is not 
certain if present concentrations of HC1 do in fact cause 
significant corrosion, but any exposed steel surfaces 
will presumably be attacked.
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7.3 COSTS OF DISPOSAL PROCESSES
The costs of new plant for processes in operation in 
this country have been calculated.
These calculations do not represent the costs of 
a particular project, but a kind of national average.
The cost of the same process may vary widely in different 
locations for a variety of reasons (e.g. capacity, land 
and construction costs).
In view of the aim to calculate a "national average" 
cost, it would have been unrealistic to calculate the 
costs for a hypothetical plant in a hypothetical location; 
the average was calculated Instead,from published data 
on plants already operational in the U.K.
The cost of all the mechanical methods of disposal 
were calculated in a uniform manner.
(a) Data on capital costs were converted into the form 
of cost per unit throughput (£/tonne/hour), and presented 
in the form of graphs of cost against year of commission.
The costs for 1974/75 were then estimated from these graphs.
The capital costs per tonne were then calculated on 
the following assumptions:
(i) Plant life of 20 years
(ii) Interest rate 15%
(iii) One week per year for maintenance (closed down)
(iv) One week per year for Public Holidays (closed down)
(v) One, two, or three 8-hour shifts
(vi) Except where otherwise stated, a five day
working week.
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The calculations then were in the form:-
Annual Charge = Capital cost/tonne/hour
6.259
(divisor from tables of Present Value)
Annual Throughput = No. of shifts x 8 x 5 x 50 tonnes
= 2000 x No. of shifts tonnes
.'. Capital Cost/Tonne = Annual Charge
Annual Throughput.
.(b) Data on operating costs were converted to cost 
per tonne, and the current operating costs evaluated from 
the available evidence.
(c) The transport and tipping charges of the residues 
from the various processes would be less than the charge 
for crude refuse. Part of this reduction would be due 
to the reduction in volume and part to the reduced need 
for cover and other protection against nuisance. For 
the purposes of these calculations the reduction in cost 
was assumed to be directly proportional to the reduction 
in volume.
Certain comparisons of total costs have been 
published (Tables 7.3 and 7.4) and these have been used 
as a guideline in the calculations.
7.3.1 TIPPING
Published costs of landfill operations are presented 
in Figure 7.8. The G.L.C. figures relate only to tipping . 
and levelling. No other data related to operations in 
the U.K. was available. From these figures it would not 
be unreasonable to assume that the average cost of controlled
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Table 7.3 Total Costs of Disposal Methods £/ton
Controlled
Tipping
Pulverisation Composting Inciner­
ation
1969-701 0.50-1.00 1.25-2.00 1.50-3.50 2.50-3.50
1970-712 1 3 7 6
1970-71 3.70 3.04
1972-734 5.00
1972-735 5.00-6.00+
1973-946 1.10-2.53 4.23 3.27-5.53
1973-747 4.25(net)
Sources: Refuse Disposal
2 Flintoff (ratios)
3
Porteous - A new look at Solid Waste 
Disposal
 ^ Holliday
 ^ Sumner - How much choice in Disposal 
v Lehman (U.S.A.)
 ^ Millard - Regional Refuse Disposal
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Figure 7.8 Controlled Tipping Costs
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tipping in the U.K. is now (1974/75) about £1.00 per tonne.
No allowance is made for the value of land recovered, 
or for revenue from the sale of salvage, as this would not 
constitute a pure tipping operation.
7.3.2 PULVERISATION
(a) Capital Costs
The capital costs of various U.K. plants are shown 
in Figure 7.9. Pulverisation capital costs vary widely, 
depending on type of machinery, throughput, and amenities 
provided. An average of £15,000/tonne/hour would appear 
to be a good estimate for 1974/75.
Annual charge = 15,000 = £2397
6.259
.Cost/Tonne 1 shift = £1.20
2 shift = £0.60
3 shift = £0.40
(b) Operating Costs
Standing charges (loan charges, depreciation, rates, 
insurance) may amout to 50% of the total costs of pul­
verisation (Refuse Disposal p. 45). Therefore, the 
operating costs could be in the range £1.00 - £1.50.
The operating costs of Cringle Dock (which is also 
a transfer loading station) were said to be about 
£2.15/tonne in 1973 (Ferguson - Appraisal of Performance).
The cost of the pulverisation operation is likely to be
between one half and three quarters of this (say £l.00-£1.50).
From the above evidence it was assumed that the average 
operating costs of pulverisation plants is £1.25 for'1974/75.
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Figure 7.9 Pulverisation Capital Costs
- 243 -
(c) Tipping costs
Pulverisation reduces the volume of crude refuse by 
about 30%, and therefore transport and tipping charges 
were assumed to be £0.70/tonne.
(d) Total costs
Evidence indicates that pulverisation plants generally 
only operate one shift per day (e.g. Hove).
Therefore the cost of pulverisation in 1974/75 is:'.
Capital 1.20
Operating 1.25
Tipping 0.70
Total 3.15 £3.20/tonne.
(e) Revenue
Pulverisation plants normally only have facilities 
for the recovery of ferrous metals. In 1973 Local 
Authorities could sell these at £4 - £6/ton (prices 
quoted at meeting attended by author). A higher price 
is commanded by other metals, but they form only a small 
percentage of waste. The revenue obtained from a 
10% metal content of Local Authority waste after allowing 
for the cost of separation might be about 50p../tonne, 
thus reducing the total cost of pulverisation to £2.70/tonne.
7.3.3 INCINERATION
(a) Capital hosts
The capital costs for a number of plants are given 
in Figure 7.10. The average capital cost of incinerators 
for 1974/75 would appear to be about £l00,000/tonne/hour.
This figure would be typical for direct incineration 
with facilities for gas cleaning and metals recovery*
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Figure 7.10 Incineration Capital Costs
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Plants which include electricity generation are con­
siderably more expensive (£153,000/tonne/hour for Edmonton 
1967) (Refuse Disposal). There is only one such plant 
in operation in the U.K. however.
Capital and operating expenses for direct incineration 
were estimated by Johnson in 1972 (Figure 7.11).
Annual Charge = 100,000 = £15,977
6.259
Cost/tonne 1 shift = 15,977 = £8.00
2,000
2 shift = 15,977 = £4.00
4,000
3 shift = 15,977 = £2.67
6,000
(b) Operating cotts
Operating costs for Edmonton in 1973/74 were said to 
be about £2.25/tonne, after allowing for income from 
electricity generation and sales of scrap metal (Millard). 
This indicates that gross operating cost may be about 
£3/tonne.
Edmonton has a rated capacity of 68.6 tonnes/hour, 
whilst the average capacity of the twenty-two plants of 
Figure 7.10 is 19 tonnes/hour. Taking into account 
the economies of scale illustrated in Figure 7.11, the 
average operating cost of U.K. incinerators in 1973/74 was 
probably in excess of £4/tonne, even allowing for the extra 
costs of electricity generation at Edmonton.
(c) Tipping costs
Incineration is said to reduce the volume of refuse 
by up to 90% (Section 7.2.6). In this calculation.volume
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Capital Cost
Capital
v
Capital
Operating 
Cost £/ton
v Treatment
2x172x152x122x10
Capacity (tons/hr)
2x72x52x2
Figure 7.11 Direct Incineration Costs (1972/73)
- 247 -
reduction was assumed to be 80%, and therefore transport
and tipping were charged at 20p./tonne.-(input).
(d) Total costs
In 1966/67 it was found that out of 59 plants, 46 
were operated on a single shift; 8 plants on two shifts;
5 on three shifts (Refuse Disposal p.9). It is likely
that the newer incinerator schemes operate at least two 
shifts per day (Edmonton operates three shifts per day, 
seven days per week).
The total costs for 1974/75 assuming two shift 
working would therefore be:-
Capital 4.00
Operating 4.00
Tipping 0.20
Total £8.20/tonne
(e) Revenue
Few incinerators have, in fact, been constructed with 
facilities for heat recovery (Sumner p.574) and therefore 
the only source of revenue would be from the sale of 
salvaged metals (Estimated at 50p./tonne - Section 7.3.2). 
The net cost would therefore be £7.70/tonne.
7.3.4 COMPOSTING
(a) Capital
The capital costs of two plants and one estimate 
are shown in Figure 7.12. The capital costs are not 
strictly comparable with those of other disposal methods 
as composting is a continuous operation and plant capacity 
is usually given in tonnes per day. The capital costs in
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Figure 7.12 Composting Capital Costs
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Figure 7.12 have been calculated by dividing this figure 
by 24 (i.e. assuming a 24 hour feeding operation, although 
the day’s capacity is usually introduced into the machine 
in one shift). '
The operation was assumed to be 24 hours per day,
5 days per week for calculation of cost/tonne; capital 
costs have been assumed to be £130,000/tonne/hour, from 
figure 7.12 and from other evidence which indicates that 
composting capital costs are greater than those for
incineration (Tables 7.2 and 7.3). •
Annual charge = 130,000 = £20,770
6.259
Annual throughput = 24 x 5 x 50 = 6000 tonnes
Cost/tonne = 20,770 = £3.46
6000
(b) Operating costs
The Report of the Working Party on Refuse Disposal 
(p.52) states that the operating costs of composting plants 
may be similar to those of incinerators. The 1974/75 
operating costs of composting plants was therefore assumed 
to be £4 per tonne.
(c) Tipping costs
Composting is reckoned to reduce the volume of crude 
refuse by about 10%, and therefore tipping and transport 
charges were put at £0.90 for 1974/75.
(d) Total costs
Capital 3.46 
Operating 4.00 
Tipping 0.90
Total 8.36 ~  £8.40/tonne
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(e) Revenue
There is not a ready market for the compost produced 
by this process and therefore the only source of income 
attributable to the disposal process would be from the 
sale of salvage. In the calculation of the costs the 
provision of a separation plant has not been considered 
and therefore only the revenue from the sale of scrap 
metal (50 p./tonne) may be subtracted from the total cost 
to give a net cost of £7.90/tonne.
7.4 OTHER METHODS OF DISPOSAL
7.4.1 COMPACTION AND BALING
Compaction is a method of reducing the volume of 
wastes by compression to thousands of p.s.i. The re­
duced volume can be retained by baling. This makes wastes 
easier to handle and can be used to increase the effectiveness 
of transport and is a pre-treatment for landfill, where 
the use of compressed bales would reduce litter and other 
nuisance and prolong the life of the tip.
It has been found that the limiting density for normal 
refuse with 20-25% moisture content is about 63.1bs/cu. ft., 
achieved with a pressure of 3500 lbs/sq.in. for two minutes. 
This corresponds to a reduction in volume of about 1.0:0.2-0.4.
At present this process in only used on a large scale 
in Japan, where the bales are banded or sheathed in steel 
and used as building blocks or for land reclamation.
7.4.1.1 Discussion
Compaction and baling have advantages where refuse 
has to be transported for disposal, because it increases
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payloads and facilitates handling. Due to the reduction 
in transport costs from the increased payloads and easier 
handling the distance over which wastes can be economically 
transported is increased.
The large reduction in volume increases the life of 
tips and reduces the time taken for them to settle.
However, its use would not aid any of the other methods 
of disposal.
As household refuse has a high organic content, it 
might not be wise to use bales, made from it for building 
or other load bearing purposes, as the bales would be 
subject to biodegradation.
7.4.1.2 Effect of plastics
Plastics, being inert materials should have no 
detrimental effects on this process, but should stabilise 
the bales and give them greater strength.
However, in bales which are not strapped, an in­
creased proportion of plastics may prevent sufficient binding 
of the material to form a mechanically stable bale.
The cost of the compaction and baling process for an 
8 to 1 volumetric reduction has been estimated at 
£1.50 - £2.00/tonne (Solomon).
7.4.2 ANAEROBIC DIGESTION
Anaerobic digestion is the process of biodegradation 
of organic materials in the absence of oxygen. Sewage 
solids suspended in water are treated in this manner, and 
it would be possible to treat the putrescible fraction 
of municipal wastes in this way.
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The initial stage would be the segregation of the 
putrescible fraction ( 15%) from the rest of the refuse.
This could be most easily accomplished by the householder, 
who could introduce it directly to the sewers using a 
kitchen grinder (Section 6.7.2) Full advantage of sewer 
transportation would thus be obtained. The alternatives 
would be to collect putrescibles separately or to separate 
them after collection, and grind them for sewer transport 
and disposal.
The refuse/sewage mixture would then be treated in 
an anaerobic digestor. The usual retention time for sewage 
is about 21 days, during which the Insoluble solids are 
reduced to soluble constituents and a solid residue, 
representing approximately 65% of the initial solids.
A combustible gas, largely methane, is generated in the 
process and is used in the larger plants for heating and 
power generation.
The undigested solids have to be removed and disposed 
of. They could present pathogenic hazards and have to 
be treated like anaerobically digested sewage sludge, 
which is air-dried and tipped.
7.4.2.1 Discussion
The main advantage of the process is the reduction 
in the amount of wastes which require collecting.
Collection frequency may be decreased owing to the removal 
of the putrescible fraction from storage containers.
The problem of disposing of the remainder of the 
wastes and the undigested solids remains. If.this is 
achieved by controlled tipping a site of normal proportions 
would be required.
The anaerobic digestion process might be an attractive
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proposition for a new community in which the use of kitchen 
grinders could be enforced. For an existing community,
In which universal use of kitchen grinders cannot be 
expected, this process offers little economy (Clark and 
Brown).
7.4.2.2 Effect of Plastics
Plastics would pass through an anaerobic digestor un­
changed, and therefore this method of treatment has no 
advantages insofar as plastics are concerned, as they 
remain unchanged and have to be tipped.
7.4.3 FLUIDISED BED INCINERATION
Fluidised bed incineration (Figure 7.13) is being 
investigated in the United States.
Air is passed through the bed of sand at a pressure 
which creates a "bubbling1* effect similar to that in a 
boiling liquid. The particles of sand are free to move 
about the bed and are each separated by air. There is no 
temperature gradient in the bed when bubbling occurs and 
it remains isothermal; even if large heating or cooling 
surfaces are placed in it.
Bailie describes the following events when a combustible 
solid is inserted into the bed: "(a) because of high heat 
transfer rates the particle rapidly heats up to its 
ignition temperature; (b) because the solid to be burned 
is surrounded by air, oxygen quickly reacts with the 
combustible solid; '(c)- the heat from the reaction is taken 
up by the bed.**
7.4.3.1 Discussion
(i) The bed is at a constant temperature, therefore no hot 
or cold spots are developed.
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Figure 7.13 Fluidised Bed Incinerator
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(ii) Less excess air is required than is the case with 
conventional furnaces, owing to the better contact between 
the refuse being burnt and oxygen from the air.' This 
means that the size of gas cleaning equipment, flues, 
chimney etc. may be reduced..
(iii) The furnace is subjected to less thermal shock because 
the operating temperature is constant and low by comparison 
with conventional fuels.
(iv) The heat release is high and construction is simple. 
Smaller and simpler plants may be used for an equivalent 
capacity and capital costs are lower.
7.4.3.2 Effect of Plastics
There have been no publications about the effect of 
plastics on this form of incineration. However, one may 
presume that there will remain the problem of emission 
of hydrogen chloride from the combustion of PVC.
7.4.4 PYROLYSIS
Pyrolysis is the destructive distillation of organic 
material. It has been practised for many centuries. 
Charcoal and coke are two well known products which are 
made in this manner by the high temperature decomposition, 
in the absence of oxygen, of wood and coal respectively.
The principal difference of this process from incineration 
is the exclusion of oxygen.
The application of this process to the treatment of 
wastes is being investigated in a number of countries.
There is one full scale plant in operation in Denmark and 
at least one being built in the United States.
The products of the pyrolysis of domestic refuse, are
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a potentially useful solid residue, tars, oils, an aqueous 
liquor, and a combustible gas. Analyses are presented 
in Tables 7.5 and 7.6. The volume reduction is estimated 
at 1.0:0.1.
In a typical plant the refuse is pulverised and conveyed 
to a storage hopper. The pulverised refuse Is then 
mechanically fed into the reaction chamber, where it is 
heated to 900 - 1200°C. The organic fraction is thermally 
decomposed at this temperature. The solid residue is con­
tinuously removed from the reactor and quenched with water, 
after which ferrous and other metals can be reclaimed.
The gaseous fraction (which includes the products from 
the cracking of tar and other volatiles if they were passed 
through the high temperature zone) is then cooled and 
scrubbed to remove particulate matter, volatile salts and 
excess ammonia. The cleaned gas, which is combustible 
can then be stored before use. It can be used for 
the heating of the reactor, thus saving on imported fuel.
There are two schools of thought concerning the 
pyrolysis of municipal waste: one that it is primarily
a pollution free disposal method where no attempt is 
made to use the products except for the recovery of ferrous 
metals (Monsanto Envirochem Landgard - Figure 7.14); 
the other that as well as being a clean disposal method, it 
is a way of recycling municipal solid wastes and making 
full use of the products (Destrugas - Figure 7.15).
7.4.4.1 Discussion
In common with incineration it is a hygienic, 
continuous process with a low labour content for the 
disposal of solid wastes. There are no moving parts 
in the high temperature zone of the reactor and therefore
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Table 7.6 Composition of Gas from Pyrolysis of Municipal
Solid Waste (%) .
(l)
Bu Mines
(2)
Destrugas •
(3) 
Coal Gas
Hydrogen 51.91 58 50.5
Carbon Monoxide 18.16 21 8
Methane 12.66 3 28
Carbon Dioxide 11.54 16 2
Ethylene • 4.68
Propylene 0.32
Butane 0.44
Traces 0.41
’’Hydrocarbons” 1 3
Nitrogen 1 8
Oxygen 0.5
Sources: (1) Clark & Brown
(2) Knudsen
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it should require little maintenance. Destrugas claim 
that scaling up capacity issinple, by the provision of 
additional reactors.
Little acid gas is produced as it is neutralised by 
ammonia produced from the decomposition of protein contained 
in the vegetable and putrescible fraction of the wastes. 
There is therefore little risk of corrosion,and air 
pollution hazards are almost completely eliminated as 
the gases are either cleaned before utilisation, or 
combusted and scrubbed before emission to the atmosphere.
The treatment and disposal of the aqueous liquor 
may present a problem, however.
The gas produced from the process is a high grade 
fuel and can be stored before use. (This is an ad­
vantage over incineration where the heat has to be used 
as it is produced). The solid residue may also prove 
useful as a fuel, and it also displays some active carbon 
properties which are being investigated (Knudsen).
The metal fractions are not oxidised in the process 
and may therefore be recovered unchanged.
7.4.4.2 Costs
Enviro-Chem claim that capital and operating costs 
ate about two-thirds of the corresponding cost of pollution- 
free incinerators ("HMM”).
Lehman calculated that pyrolysis costs were about 
the same as those for incineration (Table 7.4) before 
allowance for revenue and substantially cheaper after.
According to Warner et al. pyrolysis units should 
have lower capital costs than incineration units for the 
following reasons:
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(a) They are operated at lower temperatures and are there­
fore cheaper to build and less critical to operate.
(b) Pyrolysis units can be built to large capacities 
(5000 - 10000 tonnes/day) whereas incineration units seem 
limited at present to 1000 tonnes/day. Large pyrolysis 
units should therefore afford economies of scale.
(c) They do not require the large air blower/compressors 
needed in incinerators.
(d) Little or no air pollution control equipment is 
required.
7.4.4.3 Effect of plastics
Pyrolysis of plastics yields low molecular weight 
hydrocarbons which are a valuable source of energy.
In addition PVC will produce hydrogen chloride and 
possibly some chlorinated low molecular weight hydro­
carbons.
The presence of plastics in waste causes the calorific 
value of the gas. and oil produced to be higher, thus in-' 
creasing their value as fuels.
The acid gases produced by PVC and other wastes is 
effectively neutralised by ammonia produced from the 
decompostion of vegetable matter. •
Experiments by the Danes have shown that their 
pyrolysis unit can satisfactorily deal with a PVC content 
of 2 - 3% (Table 7.7) For higher contents they 
propose that the hydrogen chloride produced should be 
neutralised by the addition of ammonia or lime to the 
scrubber water.
Plastics are ,,destroyedM by this process, leaving 
practially none of their original volume except for 
some fillers to be tipped.
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7.4.5 FIBRECLAIM
Fibreclaim is a process developed by the Black Clawson 
Company to recover paper fibre from municipal waste. They 
have operated a pilot plant and a plant has been built 
in Franklin, Ohio with a design capacity of 150 tons of 
refuse per day.
The refuse is first pulped in a Hydrapulper and the 
frangible material is reduced to a size that will pass 
through the half inch holes of an extraction plate.
Heavy inorganic materials are removed by a bucket elevator. 
Other heavy materials such as dirt, broken glass and 
bits of metal, are separated from the pulped refuse by a 
liquid cyclone. The pulped material is processed by a 
number of screens which concentrate the paper fibre.
Residual heavy dirt and odd shaped organic particles are 
removed by centrifugal cleaners. The fibre may be 
purified further by chemical treatment to dissolve small 
particles of vegetable matter. The fibres are passed 
through dewatering presses and transported to a paper 
mill.
Some of the material rejected by the various separation 
techniques is used as feedstock for an incinerator to 
provide heat for the process. In addition to paper 
fibre, aluminium, iron and glass are reclaimed for 
recycling.
Statistics for the process are presented in Table 7.8.
7.4.5.1 Discussion
The process achieves mechanical separation of a 
niimber of materials, provides its own heat, and reclaims 
paper fibre. All the rejects however remain to be tipped
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Table 7.8 Fibre Claim Process
Feed Stock Jo wt. Products % wt.
Water 25 To Atmosphere
Metals 10 Water
25
Glass 8 Tipped
Metals 3.5
Food, plastics, 
textiles
17 Glass
Food,plastics,
4
Paper 40 textiles
Recycled
Aluminium 
Iron 
Glass 
Paper 
Burned for Energy
2
0.5
6
4
18
37
100 100
Source: Herbert
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(about 10% by weight according to published analyses).
Separation is made more difficult and complicated.by 
the disintegration and mixing which first takes place.
Even the paper fibres may have to be chemically treated 
to dissolve small particles of vegetable matter. It 
is possible that the products of this process might be re­
garded as unsatisfactory in competition with cleaner 
fractions obtained by other methods of reclamation.
For a process which purports to reclaim paper fibre 
it is only partly successful as it only reclaims about 
50% of the paper fibre received by the plant.
7.4.5. 2 Costs
The costs of the process as published in 1970 are 
given in Table 7.9.
7.4.5. 3 Effect of plastics
Plastics are.not mentioned as being a problem in the 
operation of the plant. However, they remain unchanged 
and therefore problems associated with their disposal are 
undiminished.
7.4.6 HYDROLYSIS
It has been suggested that the cellulosic content 
of solid wastes could be hydrolysed to ethanol. Paper 
is virtually pure cellulose and vegetable matter also 
contains cellulose, and these constitute about 70% by 
weight of municipal waste.
The refuse would be pulverised and discharged into 
a flotation separator or a special pulper to allow 
segregation into a dense and a light fraction. The 
pulped light fraction, which would be mainly cellulosic
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Table 7.9 Costs of Fibreclaim
Capacity tons/day
Units 50 1000
Operating hours per day hours 8
Products: paper fibre Tons/day 10 200
ferrous metals n 4 80
cullet t» 4 80
aluminium ii 0 10
steam lbs/hour 0 15,000
Capital cost /US m. 1.74 8.5
Unit capital cost /US/C6n/day 34,800 8,500
Net operating cost /US/ton 4.50 2.50
Source: Clark & Brown
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material, would then be fed into a fines and plastics re­
moval section. It would then be passed into a reactor 
for hydrolysis at 230°C with 0.4% H^SO^ for ati optimum 
residence time of 1.2 minutes to obtain maximum conversion 
to fermentable sugars. The reaction mixture would be 
flash cooled using the process feed water as coolant, 
and then neutralised with calcium carbonate and filtered.
The liquid would be fermented for about 20 hours at 40°C 
and the resulting ethanol/water solution distilled to 
yield 95% ethanol. A waste liquid stream would be 
discarded and would require treatment to reduce its BOD.
Mass balance estimates for commercial plant are presented 
in Table 7.10.
7.4.6.1 Discussion
This process produces a moderately valuable chemical 
(£ 90/ton), ethanol, from the paper content of municapal 
waste. On the other hand, petrochemical ethanol is 
much cheaper to produce than ethanol from hydrolysis of 
cellulosics. It may prove possible to reclaim other 
materials (e.g. ferrous metals) from the separated fractions.
Porteus estimates the volume reduction to be 1.0:0.3, 
and therefore there would be savings in the final disposal 
cost.
Paper might be more valuable if reclaimed for use 
in the paper and board industry.
7.4.6.2 Costs
In 1971 the costs of hydrolysis plant for solid 
waste as published by Porteous were:
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Table 7.10 Mass Balance Estimates for Hydrolysis (Tons/day)
40% Paper 60% Paper '
Solid Liquid Solid Liquid
Input: Refuse 250 - 250 -
Output:
Separated Out 130 -  ■ 80 -
Veg. Hydrolysable group - 20 - . 20
carried through to 
reactor
Non-cellulose in paper - 25 - 37.5
Unhydrolysed cellulose 18 - 26 -
(23% of gross)
Cellulose Converted to - 41 - 62
fermentable sugar (55%)
Cellulose converted to - 16 24.5
decomposed sugars
TOTALS 148 102 106 144
Input Chemicals: 
Sulphuric Acid 6.35 9.6
Calcium Carbonate 6.35 - 9.6 -
Output Chemicals:
Calcium Sulphate 8.9 - 13.5 -
Water and Carbon Dioxide 3.8 - 5.7
TOTAL SOLIDS FOR DISPOSAL 
% WEIGHT REDUCTION
1569
37.2
119.5
53
Paper Input 100 150
Cellulose (75% of paper) 75 112
Maximum Available Sugar 83.5 134
Net Sugar Yield 45.9 68.2
(55% conversion)
100% Ethanol Yield 23.5 35.3
Net Ethanol Yield after 22.4 33.6
Fermentability Allowance 
(0.95)
Max. 95% Ethanol Yield 23.5 35.3
Source: Porteous
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Table 7.11
Capital Cost (250 ton/day) £ 1,435,000
Cost per annum (40% paper)
Fixed charges @ 15% 220,000
Maintenance (4% of equipment cost) 21,500
Maintenance to buildings 1,500
Wages 34,000
Materials (Acid cost doubled) 112,500
Administration 6,000
BOD reduction 71,000
Tipping charge for residue 57,000
Total cost £ 524,000
Ethanol revenue (7d./lb) 559,000
Profit £ 35,000
7.4.6.3 Effect of Plastics
Plastics are separated out with the fines before the 
cellulose is hydrolysed. They would remain unchanged 
in the hydrolysis process with the possible exceptions 
of nylon and polyesters.
They remain as rejects to be disposed of (by landfill 
in the proposed scheme), and therefore pose the same 
problems as before.
However, the possibility of separating plastics from 
the fines for reclamation exists. .
7.4.7 OTHER METHODS
Considerable effort is being put into research on 
disposal methods for solid wastes. Some of the following 
processes are already being investigated in more detail:-
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(a) The Zimpro process for the wet oxidation of wastes 
at high temperature and pressure. This could lead to 
an integrated process for solid waste and sewage disposal.
'(b) The use of heat from incineration to achieve desalination 
of sea water by flash evaporation.
(c) The conversion of the organic fraction of solid waste 
into edible protein.
(d) Underground incineration has been investigated in the 
United States. Refuse is deposited in underground cells 
which are burnt out after filling.
(e) The partial oxidation of the organic fraction into 
lower molecular weight compounds having "significant 
economic value". Recent American research has shown 
it to be effective for paper, leaves and the organic 
portion of dried sewage sludge.
(f) The high temperature, high pressure reaction of refuse 
with carbon monoxide to produce hydrocarbons. *
(g) Controlled thermonuclear fusion to vaporize the 
waste into its elements and the recombination of these 
to produce new materials.
7.5 DISPOSAL OF PLASTICS
Due to the difficulties encountered in the disposal 
of plastics, certain processes have been designed and 
developed to effectively dispose of plastics waste.
These processes would be used either where the 
output of plastics waste was very high (a factory) or 
where it is separated out of domestic waste. The latter 
concept is not operational (Section 9.2.3).
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7.5.1, PLASTICS WASTE INCINERATORS
Four incinerator manufacturers have, developed incin­
erators either specifically for, or suitable for plastics 
disposal, emitting little or no polluting gas (Table 7.12).
The Lucas Cyclone furnace is oil fired and will burn 
a number of plastics materials simultaneously. The 
waste Is fed to the furnace*s rotating hearth where it 
is ploughed over from an outer to inner annular 
paths. Combustion gases are subjected to an intense cyclone 
action at 800 - 1200°C to ensure even oxidation across 
the material. Solid residue falls through an aperture 
in the centre of the hearth into a water seal. The hot 
gases pass either through a cooler/conditioner unit or 
through a waste-heat recovery unit, both units being offered 
with gas cleaning equipment.
The equipment was first used for burning sewage 
sludge, but has been used for disposing of tyres, and 
full scale pilot plant trials with PE and PP have proved 
its effectiveness for these materials.
It is reported that HC1 emission when burning PVC 
can be limited to 6ppm after cooling in a cyclonic wet 
scrubber, and that corrosion can be prevented.
The Katayose Kogyo incinerator incorporates four 
burning chambers through which waste is automatically 
transported. It is reported that the incinerator can 
cope with PVC without significant HC1 emission. The
3plants are small, the largest only handling 10 - 12 m /8 hours.
The Okumara Kikai incinerator comprises a preheater
and two burning chambers into which compressed air is forced.
3
A range of incinerators is available (10 m /8 hours -
3 '
40 m /8 hours) . No claims have been made about the com­
bustion of PVC.
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Table 7.12 Plastics Waste Incinerators
Capacity ' c 8 B i i al
£
Lucas 18,000 bottles 106,000
Okumara 40m^/hr 24,000
10m^/hr 7,900
Katayose 10-12 m3/hr 2,400
Takuma 100 ton/day 1.67 m.
Source: Anon - New Incinerators - The answer
to Plastics Waste?
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In the Takuma Bioler Company plant the wastes are pre­
baked at 300°C in a specially designed rotary chamber before 
being automatically fed to a 1000°C chamber. The gases 
are passed through a heat exchanger, dust collector and 
100 m. chimney. Any HCl produced is reacted with ammonia 
to remove it from the gas stream as ammonium chloride.
The incinerator is electrically operated and has a capacity 
of 100 tons/day.
7.6 SEPARATION
Separation of items from solid wastes may be carried 
out for three reasons:
(i) Removal of putrescibles at source to make 
storage more hygienic and collection less frequent.
(ii) Removal of contraries before pretreatment 
or disposal processes.
(iii) Removal of materials for reclamation and 
sale (Table 7.13).
These separations may take place at source and require 
segregated collection, or at a central depot (usually the 
site of the disposal process) which may take place with 
an unsegragated collection.
7.6.1 SEGREGATED COLLECTIONS
The inclusion of putrescible wastes in domestic refuse 
is most easily avoided by the use of kitchen grinders. 
Grinders promote more hygienic storage of domestic refuse, 
but are not used in sufficient numbers to affect the
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frequency of collection or disposal processes.
Other wastes are only collected separately if they 
arise in large volumes of a single material which can be 
reclaimed and sold.
A number of industrial wastes are of this kind and 
the material is either recycled internally in the factory 
or collected by specialist firms.
Waste paper occurs in large quantities in commercial 
premises and is. collected for reclamation by local 
authorities and waste paper merchants.
Paper is the only constituent of domestic refuse 
which local authorities have found it worthwhile to 
collect separately, as it occurs in a far higher proportion 
than any other single constituent of domestic refuse. 
Segregated collections of paper are usually made by the 
normal collection team who place it in a trailer towed, 
by the collection vehicle.
7.6.2 PLANT SEPARATIONS
A number of disposal and pretreatment processes in­
clude separation machinery to remove articles which 
would adversely affect the process (e.g. composting, 
fibreclaim). Some of these plants also reclaim some 
materials, usually only ferrous metals, which are sold 
to subsidise the disposal process.
A few plants are operated with the intention of 
reclaiming as much material as possible from solid wastes. 
The aim is to conserve tipping space, and to reduce the 
cost of disposal. A flow diagram and operating details 
of such a plant are presented in. Figure 7.16 and Tables 
7.14 and 7.15. From 1955 to 1966 the plant operated on
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Figure 7.16 Worthing U.D.C. Separation Plant
Source: Adapted from Gosling
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Table 7.14 Cost of Worthing Separation Unit
Separation Plant (Capacity 10.8 tonnes/hour) Commissioned 1955
• £
Supply and erection of refuse handling plant 17,190
New Buildings and civil works 15,582
Alterations to existing buildings 7,088
Total Contract 49,860
Work not covered by contract,
including weighbridge, office, roads etc. 5,156
Alteration to baler floor and new
power baler 755
Additional power baler 414
TOTAL 56,185
Cost per tonne hourly installed capacity 5,202
17 people were wholly employed on the Separation plant in 
1973, which is wholly operational for about 12 hours per
day, five days per week.
Sources: Gosling - Packaging is Rubbish
Gosling - Fifteen years of Recovery.
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a principle of Separation and Tipping, since 1966 a 
Composting unit has been included.
Manual separation on a picking belt is only used 
for reclaiming materials, whereas mechanical separators 
are used for the removal of contraries and for reclamation.
A description of picking belts and mechanical 
separators follows.
7.6.2.1 Picking Belt
The solid wastes are fed onto the picking belt conveyor 
which is normally 36 inches wide, flat in section, and 
travels at about 50 feet per minute. The belt should be 
about 3 feet high, so. that men employed on hand picking 
of salvable items do not have to stoop. The length of 
the belt depends upon the number of men employed. The 
salvaged materials are placed either directly into hoppers, 
or chutes leading to them. It is common for only 
clean paper and cardboard to be separated.
The system is very versatile, as any material may 
be separated from the refuse, no matter what its 
physical characteristics. It is also very simple to 
operate, although conditions are not very pleasant. If 
putrescihles were removed before hand picking (by the 
use of kitchen grinders) working conditions would be 
better.
Opponents of the principle of hand picking usually 
give their reasons that the job is degrading and labour 
would be difficult to obtain. They also question the 
viability.of a labour intensive system.
Two local authorities operating picking belts have 
been contacted: neither have experienced labour shortage
for the belts, and both show a financial return on. ... 
separation.
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7.6.2.2 Screening
Screens separate solid wastes by particle size.
They are of two basic designs - vibrating screens and 
rotary screens.
Rotary screens are a series of curved, perforated 
plates fastened to a cylindrical frame mounted horizontally. 
They vary in length from 14 - 22 feet and in diameter 
6 - 8  feet, and are encased in a sheet metal housing.
The refuse is transported along the inside of the 
of the rotating screen by a helix of metal plates.
Small particles drop through the perforations and large 
particles are drawn out of the end. Rotary screens clean 
themselves by the rotary action and are very reliable.
Vibrating screens are mounted at a slight incline in 
order to transport the refuse across the screen. The 
perforated screen vibrates and small particles drop 
through. Vibrating screens are less efficient than 
rotary screens but are often preferred in compost 
plants as there is less possibility of bottles being 
broken.
Screens are usually employed to remove dust and cinders 
from the refuse before processing. They are used in 
composting plants, both for this purpose and also to 
remove contraries after composting.
7.6.2.3 Magnetic Separators
Ferrous metals may be extracted from other solid 
wastes by magnetic fields. Separators based on this 
principle are of two types, the overband magnetic separator, 
and the magnetic pulley.
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The overband magnetic separator (Figure 7.17) operates 
over and across a refuse conveyor belt. It is a short 
conveyor belt with electro-magnets situated in the gap 
between the pulleys. These attract the ferrous metals 
onto the underside of the separator belt which transports 
them to the side of the main conveyor belt where, released 
from the magnetic field, they are deposited into a chute. 
During transport they are agitated to remove contraries 
by steel "ribs" attached to the separator belt.
A magnetic pulley (Figure 7.18) is cheaper than 
an overband magnetic separator, but less efficient, and 
may cause damage to the main conveyor blet if nails etc. 
are pulled underneath it.
Magnetic separation may be used in conjunction with 
a rotary screen (Figure 7.19).
Research is being carried out on the separation of 
other metals by magnetic fields.
7.6.2.4 Fluid-bed separators
Fluid bed separators sort materials by their differ­
ence in density and require a density difference of at 
least 0.2 g./cc.
Warren Springs Laboratory has developed a fluid bed 
separator which is designed to separate metals from 
incinerator ash. Ferrosilicon, magnetite or iron powder 
are used as bed material. The density of the bed material 
must be between that of the materials to be separated. 
Vibration causes the high density materials to sink through 
the medium and pass up the slope of the trough to be 
discharged. The lighter materials are transported on top
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of the medium and down the slope of the trough to be 
discharged.
Aluminium (valued at £60-80/ton) and a copper rich 
fraction (valued at £200 per ton) have been separated 
from incinerator ash, which has been crushed, screened 
and had iron removed.
The Laboratory estimates that a profit of £1 per ton 
of clinker could be achieved on a 25 ton per hour plant 
if the aluminium concentrate and copper rich fractions 
were sold.
7.6.2.5 Air Classification
Air classification systems depend upon the density 
differences of materials in solid waste. The general 
principle of operation is that solid wastes are subjected 
to a stream of air which entrains the lighter materials 
and carries them with the air current, while heavier items 
fall straight through the flow. Pulverisation is 
necessary before solid wastes can be air classified.
The basic air classifier is a vertical column 
with air flowing up it. The wastes are fed into the column 
whereupon the heavy items fall to the bottom and the 
light items are carried to the top.
The zig zag air classifier is a development of this 
and has baffles or zig-zags in the column, which results 
in a turbulent upward flow of air. This turbulence 
increases the effectiveness of the separator by agitating 
individual items in the waste and allowing the air flow 
to act on each.
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A number of columns can be operated in series, each 
with different air velocities. The light material from 
the first column can be fed into the second column, 
which effects further separation, the light portion of 
which can be fed into the third column.
Horizontal flow classifiers have also been developed 
in which waste is dropped vertically into a horizontal 
air flow.
These systems are still under investigation, but 
early reports are optimistic. The main aim has been to 
segregate clean paper from the solid waste stream, but 
the system appears to be adaptable for other items.
Separation of heavy materials from dry shredded 
municipal and commercial waste can easily be accomplished. 
This would remove inert articles such as metals, glass 
and stones, which would not then have to be treated in 
a disposal process.
The flow diagram of an experimental plant is shown 
in Figure 7.20.
7.6.2.6 Wet Classification
Waste separation based on density differences can also 
be effected with water or some other liquid as the medium 
instead of air, as exemplified by the Fibreclaim process 
(Section 7.4.5).
Wet classification takes place after the refuse has 
been wet ground in a hydropulper, which is a tank with 
blades at the bottom which pulp and mash the material as 
water is added from an opening in its side. The slurry 
produced is passed through a %inch screen at the bottom
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and fed into the top of a liquid cyclone. Items which 
are not ground up, such as tin cans, work their way 
counter to the waterflow in the hydrapulper and down the 
water chute where they are collected.
The slurry moves tangentially around the outside of 
the cone of the liquid cyclone. At the bottom the 
slurry flow is reversed and it flows up the middle of 
the cyclone. Glass and other materials heavier than 
water can drop out.
7.6.2.7 Ballistic Separators
Hammer mill pulverisers effect a ballistic separation 
of wastes.
A ballistic separator has been developed in which 
solid waste is dropped onto a revolving paddle wheel which 
projects the material laterally. The lighter material 
falls into the nearest bin while heavier materials are 
thrown farther and land in other bins.
This method is not used at the moment on a large 
scale.
7.6.2.8 Other Methods of Separation
(i) Froth flotation to separate glass from stones, bricks, 
ceramics and metals.
(ii) Water jigging to separate fine glass particles from, 
metals and other wastes.
(iii)A colour sorter which separates different coloured 
glass has been developed.
7.6.2.9 The Role of Plastics
Plastics are not reclaimed from solid wastes as they 
have no resale value at present. Their role in
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separation plant is therefore either as contraries, which 
have to be removed, or as a nuisance, making reclamation 
of other materials more difficult.
Their role as contraries is discussed in the text 
on disposal processes.
Their effect on Separation Plants is described by 
Gosling:
"To the Local Authority with a Separation Plant 
plastic containers and plastic wrappings have no redeeming 
feature; despite extensive enquiries no market has been 
found. Although by weight only 2 - 3% of house refuse, 
they reduce the effective area of screens, shroud items 
worth recovering on the picking belt, and much of the 
wrapping being very light it adds considerably to the 
litter problems in the works. They are a pernicious, 
contrary' in waste paper and their removal from this 
material is essential. Despite explanatory publicity 
many people unthinkingly classify cellophane as a form 
of paper and place it with their salvage; its removal 
is expensive in wages.
... A continued growth in the use of plastic wrappings 
would have a marked effect on the rate of recovery of other 
items in a Separation Plant and therefore on the economics 
of recovery. To maintain the rate of recovery conveyors, 
screens, and picking belts will have to be enlarged and 
that without a commensurate increase in income."
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CHAPTER EIGHT
SOLID WASTES: U.K. COSTS OF COLLECTION
AND DISPOSAL
8.1 U.K.COSTS OF COLLECTION AND DISPOSAL
No data on the costs of collection and disposal of 
solid wastes for the whole of the U.K. are published.
A certain amount of information is available on Local 
Authority operations in England and Wales* and this has 
been used to calculate the possible costs of collection 
and disposal for 1974/75. These results were then 
used to calculate the costs for the .U.K.
8.2 COSTS OF LOCAL AUTHORITY OPERATIONS IN ENGLAND AND WALES
Local Authority statistics for England and Wales were 
obtained from three sources:
(i) Public Cleansing Costing Returns which ceased 
publication after the 1965/66 Returns (Table 8.1). The 
unit costs were taken from those given for Authorities 
which weighed 80% or more of their refuse, as it has been 
shown that those who do not weigh overestimate the weight, 
therefore yielding inaccurate unit costs.
(ii) Local Government Financial Statistics which 
were last published for 1971-72 (Table 8.2). This gives
a value for the gross cost which is probably very accurate, 
but there is no breakdown into collection and disposal 
costs.
(iii) The Reports of the Working Parties on Refuse 
Storage and Collection, and on Refuse Disposal both gave 
estimates for the cost of collection, and the latter 
estimates for disposal (Table 8.2), These figures are 
for net costs and therefore are underestimates for gross
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Table 8.3 Worthing U.D.C. Statistics.
Collection 
£/tonne % Total
1960-61 2.92 69.7
1961-62 3.20 68.4
1962-63 3.54 72.2 -
1963-64 3.33 70.9
1964-65 3.37 70.7
1965-66 3.59 69.0
1966-67 3.64 67.0
1967-68 3.79 63.7
1968-69 4.07 63.9
1969-70 4.11 61.9
1970-71 4.64 60.4
1971-72 5.32 62.1
Source: Calculated from figures in
Gosling’s papers.
ii;; iii
it!
:ii pii ii i 
"  1 j j !
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0/61
Figure 8
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costs of Collection and
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In addition the collection costs for Worthing U.D.C. 
were used for comparison purposes in Section 8.2.2 (Tabie 8.3).
8.2.1 GROSS COSTS
The gross costs of collection and disposal 1960/61 - 
1971/72 have been obtained from Local Government Financial 
Statistics. These figures have been used as the basis 
for the analysis of Local Authority costs.
It was found that the data for the years from 1964/65 
to 1971/72 approximated closely to exponential 
growth. As a result estimates for 1972/73, 1973/74 and 
1974/75 were made by a straight line projection of the data 
plotted on log-linear graph paper (Figure 8.1) (see Section 
5.3.1. 2on growth rates).
The gross cost per tonne and per 1000 people were 
calculated from the published and projected values for 
gross costs, the total weights of refuse collected by 
Local Authorities given in Table 4.1, and population 
statistics for England and Wales published in the Annual 
Abstract (Table 4.1)
8.2.2 COLLECTION COSTS
The collection costs include the costs of storage, 
collection and primary transport incurred by Local 
Authorities (transfer loading and secondary transport were 
included in the report on Refuse Disposal and it is there­
fore thought likely that this division was used in all 
the government statistics).
Five calculations of collection costs were made and. 
the results are given in Table 8.4.
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( i) The estimates made by the two Working Parties 
were plotted on log-linear graph paper and a straight line 
projection made (Figure 8.2). The values for total 
collection costs were read off; the percentage of the 
gross cost and the unit cost were calculated (Table 8.4). 
The unit cost calculations made use of the weights in 
Table 4.1.
(ii) The unit costs of collection published in 
Public Cleansing Costing Returns (Table 8.1) were plotted 
on log-linear graph paper (Figure 8.3) and a straight line 
extrapolation made to obtain post 1965/66 unit costs for 
collection. These unit costs were used to calculate 
total collection costs, and percentage of gross costs 
(Table 8.4).
(iii) ‘ The ratios of unit collection costs to 
the unit collection and disposal costs as published in 
the Public Cleansing Costing Returns (Table 8.1) was 
multiplied by the gross unit costs (calculated from 
gross costs in Table 8.2 and weights in Table 4.1) to 
obtain unit costs of collection for 1960/61 to 1965/66. 
Thess were then plotted on log-linear graph paper and 
extrapolated by straight line to obtain values for 1966/67 
to 1974/75. From these unit costs the total collection 
costs and percentage of gross costs were calculated 
(Table 8.4)
(iv) Unit collection costs were calculated from 
the costs per thousand people by multiplication.of the 
latter.cost by the population of England and Wales
(in thousands) to-give gross costs. These gross costs 
were divided by the weights in Table 4.1. The unit costs 
were plotted and extrapolated and the same calculations
I !i
60/61 65/66 75/71 74/75 Year
Figure 8 .'2 Collection Costs (£m)
Figure 8.3 Collection Costs (£/tonne)
Figure 8.4 Collection Costs (£/tonne)
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as in (ii) and (iii) (Figure 8.4, Table 8.4).
(v) The ratio of collection costs per thousand 
capita and gross costs per thousand capita were multiplied 
by the unit gross costs (Table 8.2) to give unit collection 
costs for 1960/61 to 1965/66. These were treated in 
the same manner as those in (iii) (Figure 8.4, Table 8.4).
The Worthing collection costs (Table 8.3) show a drop 
from 70% of gross costs in 1960/61 to about 60% in 1971/72. 
They operated a s eparation plant over the whole of this 
time period and a composting unit since 1964/65. Whilst 
it would not be expected that the national figures would 
correspond exactly to those of Worthing, it is reasonable 
to suppose that the Worthing figures would show the same 
trend over this period of time. As Worthing operate a 
'’mechanical1' method of disposal, which is more expensive 
than controlled tipping (Chapter 7), which is still 
practised by the majority of local authorities, one would 
expect the collection percentage to be rather lower than 
the national average.
All five of the calculated series (Table 8.4) exhibit 
a drop in percentage, but two of them fall below the 
Worthing figures an4 thereforey are rejected (series i and.iv).
Of the three remaining series, ii and v have values 
in the early years which appear to be too high when com­
pared with those published in the two Working Party 
Reports (Table 8.2). Series iii was selected to 
represent collection costs of Local Authorities in 
England and Wales.
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8.2.3 DISPOSAL COSTS
Disposal costs include the cost of transfer loading 
and secondary transport in addition to the costs of 
disposal by the methods described in Chapter 7.
The weight of solid waste dealt with at disposal
sites is greater than the weight collected by Local
Authorities, as some is delivered privately. In 1966/67
about 5.5 million tons out of a total of 17.5 million
tons was delivered (Refuse Disposal p.5). In order
to obtain approximate weights for disposal which include
the delivered solid wastes all the weights from Table 4.1
17 5
were multiplied by — *q (Table 8.5).
Three calculations of disposal costs were considered:
(i) The estimates made by the Working Party on 
Refuse Disposal were plotted on log-linear paper and a 
straight line extrapolation made (Figure 8. ). From 
the projected values the unit cost and percentage of 
gross cost were calculated (Table 8.5).
(ii) The collection costs calculated in the previous 
section were subtracted from the gr©ss costs (Table 8.5)
(iii) The unit costs of disposal published in 
Public Cleansing Costing Returns were plotted on log- 
linear graph paper, a straight line extrapolation made, 
then total costs and percentages calculated (Figure 8.6, 
Table 85 ).
The series (iii) results for total disposal costs in 
1966/67 and 69/70 were compared with the values found by 
the Working Party (Series (i)) and found to be over twice 
as large. Although the refuse disposal figures were 
suspected of being too low (8.2), they could not be this
ill!
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far out as total revenue for those years was only about 
£6-7 million (Table 8.2). The series (iii) figures 
were therefore disregarded as being too high.
Comparison of series (i) and (ii) revealed a fairly 
close approximation in the years 66/67, 67/68 and 69/70, 
although the series (ii) figures showed an unlikely 
reduction over this period (illustrated in Figure 8.7).
Additional checks were possible by calculation of 
total costs from the national average disposal costs 
and "market shares” of the various disposal methods 
(Chapter 7). These calculations were carried out for 
1969/70 and 1974/75. Two calculations have been carried 
out .for each year: the first assumes that all delivered
refuse was disposed of in the same proportions as that 
collected; the second assumes that all delivered refuse 
was tipped (Tables 8.-6, 8.7). The rationale for the 
latter assumption was that it has been found that 65% of 
delivered waste is probably inert (Section 4.3.1). The 
calculations do not include the costs of transfer loading 
and secondary transport, although there is allowance for 
transport and tipping in the costs of mechanical methods 
(Section 7. 3 ). This is unlikely to affect the
results much.
Comparison of these resuits with those from series
(i) and (ii) indicated that disposal costs are probably 
best represented by series (ii), the figures obtained 
by subtraction of the collection costs from gross costs.
This comparison also indicates that the disposal costs 
calculated in Chapter 7 are probably close to the real 
averages'.
98
7
e
5
4
3
Z
1
9
8
7
6
5
4
3
2
1
Figure 8.7 Revenue
- 321 -
Table 8.6 Disposal Costs 1969/70
(a) Delivered Waste Proportional
(b) Delivered Waste Tipped
% Weight Unit Cost* Total Cost £m
Tipping 82.7 17.94 0.75 13.45
Pulverisation 3.1 0.66 1.63 1.08
Incineration 13.9 3.02 4.00 12.08
Composting 0.3 0.07 4.00 0.28
TOTALS 100.0 21.69 26.89
* Source: Average of ranges quoted in Refuse Disposal
(b)
% Weight Unit Cost* Total 
Cost £m
Deliv­
ered £m
Tipping 82.7 12.30 0.75 9.23 5.12
Pulverisation 3.1 0.46 1.63 0.75
Incineration 13.9 2.07 4.00 8.28
Composting 0.3 0.04 4.00 0.16
TOTALS 100.0 14.87 18.42 23.54
Average £25.22 m .
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Table 8.7 Disposal Costs 1974/75
(a) Delivered Waste Proportional
(b) Delivered Waste Tipped
(a)
% Weight Unit Cost*£
£m
Total Cost
Tipping 70.0 16.08 1.00 16.08
Pulverisation 6.4 1.47 3.20 4.70
Incineration 23.3 5.35 8.20 43.87
Composting 0.3 0.07 8.40 0.59
TOTALS , 100.0 22.97 65.24
‘'Calculated Chapter 7
% Weight Unit Cost 
£
Total
Cost
£m
Delivered
£m
Tipping 70.0 11.02 1.00 11.02 7.22
Pulverisation 6.4 1.01 3.20 3.23
Incineration 23.3 3.67
oCN•OO 30.09
Composting 0.3 0.05 8.40 0.40
TOTALS 100.0 15.75 44.74 51.96
Average £58.6 m.
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8.2.4 REVENUE
The revenues for 1972/73 and 1974/75 were obtained by- 
plotting previous values on log-linear graph paper (Figure 8.7), 
with a straight line extrapolation.
8.2.5 SUMMARY
A summary of Local Authority refuse collection and
disposal costs as described in the preceding sections is
presented in Table 8.8. The gross costs, and total 
costs of collection and disposal are illustrated in 
Figure 8.8
8.3 COSTS OF INDUSTRIAL OPERATIONS IN ENGLAND AND WALES
The C .B.I. survey reported earlier (Section 4.3.1) 
found that 10% of the 1186 firms disposed of their wastes 
at a cost exceeding £4.92/tonne (£5/ton) in 1966/67.
These firms may have been paying to dispose of hazardous 
wastes (which accounted for 10% of total waste), which 
should cost more to dispose of safely.
These are the only available statistics on the cost 
of industrial waste collection and disposal. As the 
cost of Local Authority collection and disposal was 
£4.64/tonne in 1966/67 (Table 8.8) it would not appear 
to be unreasonable to assume that industrial gross unit 
costs are the same as those for Local Authorities.
On this basis the cost of industrial waste collection 
and disposal for 1974/75 is 11.43 x 31.5 = £360 m, and 
therefore the collection and disposal of solid wastes 
in England and Wales will cost £540 m.
Figure
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8.4 COST OF SOLID WASTE COLLECTION AND,DISPOSAL IN U.K.
For the purposes of this thesis the unit costs of collection 
and disposal are assumed to be the same for Scotland and 
Northern Ireland as for England and Wales.
The gross cost for collection and disposal of solid 
wastes in the U.K. 1974/75 was therefore calculated to be 
£615 m (using the weight calculated•in Section 4.4.2).
8.5.1 COST OF COLLECTION AND DISPOSAL OF PLASTICS WASTE
The costs of collection and disposal for 1974/75 have 
been calculated from the weights and percentages generated 
in Chapter 4 and the cost data calculated in this 
Chapter.
(a) Local Authority costs in England and Wales were 
found to be £5.71 m. (collection £3.90 m, disposal £1.81 m.)
(b) Industrial costs in England and Wales were 
found to be £3.43 m..
(c) Total costs for the U.K. were found to be 
£10.29 m.
All these calculations were carried out on a weight 
basis. Throughout this thesis it has been pointed out 
that an increase in volume is likely to be more significant 
than an increase in weight on the costs of collection and 
disposal. As plastics are a light material it is probable 
that their contribution to the cost is somewhat greater 
than that calculated above.
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CHAPTER NINE
PLASTICS WASTE: RECYCLING
- 329 -
9.1 RECYCLING
The recycling of ’’waste" materials appears to be the 
perfect academic and social answer to the problem of solid 
wastes management. It seems to be inherently illogical 
to cast something aside while it retains useful properties.
The stocks of the world's raw materials are hot 
infinite, and although depletion of any is not imminent, 
it is in the interest of the world economy to make the 
maximum use of resources.
In this country paper and metals are the most 
significant of the recycled materials (Table 7.13).
Paper and textiles are usually collected separately by 
collection agencies; metals are reclaimed via scrap 
merchants or by electromegnetic and hand separation from 
mixed wastes (Section 7.6.2).
A knowledge of the following definitions is necessary 
to understand the principles of recycling.
RECOVERY The collection and/or segregation of
homogeneous wastes for use within an
organisation. Recovery takes place, 
for example, in factories.
RECLAMATION The collection of both homogeneous and mixed 
wastes from different locations for sale 
to processors. The "classic" reclamation 
merchants are "rag and bone" men and 
scrap merchants.
SALVAGE The extraction of specific wastes from
a mixture of wastes for sale to processors. 
Local Authority separation plants are used 
to salvage materials.
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RE-USE
DIRECT
RECYCLING
INDIRECT
RECYCLING
THERMAL
RECYCLING
Manufactured articles are reclaimed and 
used for their original purpose, usually 
after cleaning, but with no refabrication. 
The re-use of glass milk bottles is a good 
example of re-use.
The use of recovered material for the 
manufacture of an identical or similar 
product (one with similar specifications), 
e.g. 45 rpm 1pop1 records are often 
manufactured from the waste from the 
pressing of 33% rpm classical records.
The use of recovered, reclaimed or salvaged 
material for the manufacture of a product 
with less critical specifications, e.g. 
waste paper is used to make cardboard.
The conversion of waste, recovered, 
reclaimed or salvaged material into energy 
and/or chemical products by thermal 
processes, e.g. incineration with heat 
recovery.
9.2 RECYCLING OF PLASTICS
Before the recycling of plastics is considered in 
detail, certain facts can be elicited about recycling 
possibilities from their intrinsic properties and con­
sumption patterns.
1. Both direct and indirect recycling involve the 
reforming of plastic materials, and therefore thermosetting 
plastics are unsuitable for these purposes (Section.2.5).
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2. Reuse programmes rely on a large supply of 
articles with a high turnover, and therefore articles with 
long lives would have little potential for reuse. The 
most likely source of articles for reuse is the Packaging 
Industry, the products of which rarely have lifetimes of 
more than a few months.
3. Material for other recycling processes is also 
likely to come from large volume, short life applications, 
for which large scale organised recovery, reclamation
and salvage could be feasible. This would include the 
products of the Packaging, Housewares and Toy Industries 
which use mainly thermoplastics.
At present plastics materials are only recycled in 
industry. It is common practice to recover plastics 
from injection mouldings etc. for direct recycling.
The quantity of plastics recycled in this way is unknown.
Reclamation firms reclaim at least. 20,000 tons/year 
of plastics. No figures are available and this figure 
is probably an underestimate.
A summary of the interactions of the various 
collection and recycling methods is presented in Table 
9.3.
9.2.1 RECOVERY
It is normal practice in the plastics industry to 
collect trimmings, offcuts, sprues, fore-runnings, margins 
etc. from the production processes. These are recycled 
either in the form in which they are collected, or they 
may be shredded and granulated first.
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Scrap from moulding can be shredded or ground and then 
fed directly back into an injection moulding machine 
hopper, but scrap film must be compacted before it can be 
reprocessed.
Shredders for scrap from moulding or extrusion cut 
it up either with a rotating set of vertical knives 
against dead blades or with a horizontal rotating knife.
A recent advance has been the introduction of a high 
throughput (6 tonne/hour) granulator which reduces scrap 
to chips which will pass through a 6 mm. screen. It has 
a horizontal rotor with blades carried on nine arms 
(Miller - The Role of the Specialist ...).
There are two techniques currently being used to 
achieve compaction of film scrap: agglomeration to
produce granules, and extrusion to produce pellets.
Agglomeration is a process which involves size 
reduction, heating and cooling. A typical process 
is one in which the scrap is broken and cut up by mixer 
knives. This causes the temperature of the material to 
rise, and small lumps are formed. Water is then in­
jected, to cool the surfaces of the lumps and is then 
released as steam, leaving dry granules 2 - 8 mm. in 
size. Throughput is about 350 - 480 kg./hr.
Extrusion processes usually involve shredding, 
extrusion, and cutting to produce pellets, although 
some extruders are designed to accept unshredded scrap.
In a typical process the waste film is manually fed into 
a washer-shredder. The wash water is drained through 
a screen and the remainder removed by centrifugal force
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to leave dry flakes which are vacuum transported to 
storage. The flakes are extruded into strands and cut 
into pellets.
The recovery operation can therefore supply the 
recycler with:
(a) Uncontaminated unprocessed homogeneous scrap, 
■■(b’) Uncontaminated processed homogeneous chips, 
granules or pellets.
9.2.2 RECLAMATION
Specialist reclamation firms in the plastics 
industry, purchase scrap from a number of sources and 
resell it either in the form collected or after it has 
been processed.
Collection and resale is a simple marketing oper­
ation; processing involves the reclamation firm in 
greater capital outlay, but makes his product more 
attractive to potential users. The operation may 
be carried out with homogeneous or mixed plastics 
scrap; sorting and classification may also be 
carried out.
Processing is carried out by shredding, agglom­
eration and extrusion.
Sorting and classification must be done by hand 
as no suitable equipment exists. Research is being 
carried out on methods of separating and sorting.
Certain methods of separating plastics from other 
wastes show promise (Section 7.6.2), but the possibility 
of automatically sorting different polymers seems 
further off.
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Research on the cleaning and drying of contaminated 
plastics is also being carried out.
Local Authorities could reclaim waste plastics from 
consumer waste, if the latter were to segregate such 
materials. This would then provide a supply of con­
taminated mixed plastics waste, which local authorities 
could process as detailed above. -
Four operations are/have been carried out on the 
reclamation of consumer wastes.
(i) Funabashi City Council collect plastics waste 
from over 100,000 households which are cooperating in
a reclamation scheme.
(ii) The Golden Arrow Dairy of San Diego in 
cooperation with Dow Chemical Co. organised a demon­
stration reclamation of polyethylene milk bottles.
The empty bottles were collected at the time of the 
home milk delivery, ground up, and sent to a processor 
("W.S.F.").
(iii) The Mobil Chemical Co. operates a reclamation 
scheme in the USA with the cooperation of supermarkets and 
their customers for.P.S. egg cartons. The used cartons 
are returned to the supermarkets by customers. The 
cartons are washed, melted and extruded to make pellets. 
Currently 500-1000 lbs of returned cartons are processed 
every month, and new cartons contain up to 25% reclaimed 
polymer ("WSF").
(iv) A UK firm which has about one third of the 
British P.S. cup market is assessing the possibility 
of collecting, washing and pelletising the cups. The
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granulated reclaimed P.S. is offered for industrial use 
in non-food applications (Miller - The role of the specialist).
Reclamation could supply plastics material in the 
following conditions to recyclers
(a) Clean, homogeneous plastics in the 
form when reclaimed.
(b) Clean, homogeneous plastic chips, 
granules or pellets.
(c) Clean, mixed plastics in the form 
when reclaimed.
(d) Clean, mixed plastic chips, granules 
or pellets.
(e,f,g,h) Contaminated plastics in the 
above forms.
9.2.3 SALVAGE
The salvage of plastics from mixed wastes is not 
practised because local authorities which operate 
separation plants have been unable to establish markets 
for mixed plastics salvage.
At present the only way for plastics to be separated 
is manually from a picking belt. If plastics were to 
be salvaged more labour would be required on the 
picking belt.
Research is being carried out on the mechanical 
separation of wastes (Section 7.6.2), but as yet none 
of the methods reliably segregates plastics waste.
The salvage operation could supply contaminated, 
mixed plastics goods (whole or broken), or clean 
mixed plastics chips, granules or pellets after proc­
essing (described in the previous sections).
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Contaminated plastics would best be shredded or 
agglomerated as extruders could be blocked or damaged by 
the contaminants.
9.2.4 RE-USE
Waste material for re-use is in competition with 
clean newly fabricated articles from manufacturers, and 
it must therefore meet the same specifications.
Re-use implies that the articles, have already been 
used and will therefore either be reclaimed or 
salvaged (but not recovered) from the consumer sector.
They will also be contaminated and have to be cleaned 
before reuse.
There is no major re-use programme in this 
country for any plastic article at present, although 
many individual households do reuse plastics articles 
(e.g. bottles) to a certain extent.
9.2.5 DIRECT RECYCLING
Plastics material which is to be directly recycled 
is in competition with virgin polymer, and its properties 
must therefore be equivalent to those of the virgin material. 
Polymer, as delivered to industry, is uncontaminated, 
homogeneous, and in a suitable form for immediate use in 
the various production processes (i*e* in pellets, 
granules and powder). These three requirements must 
be met by any plastics material recycled directly.
Granulating and other machines are available to 
reduce waste plastics to a suitable form for processing 
(Section 9.2.1).
Contaminants such as dust and oil reduce the 
specifications of the products and must be avoided.
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Similarly the material must be homogeneous, as different 
grades or colours of polymer affect the final product. 
Contamination and homogeneity are therefore the limiting 
restrictions on the sources of material suitable for 
direct recycling.
The recovery of scrap plastics (Section 9.2.1) is 
the most widely used source of material for direct re­
cycling. At factories, as the composition of all raw 
materials are known and kept separate, so the composition 
of wastes can be known and they can be kept uncontaminated.
Various materials supplied by the reclamation firms 
satisfy the conditions of homogeneity, form, and are 
uncontaminated, and are therefore suitable for direct 
recycling.
Reclamation of consumer waste has been attempted 
(Section 9.2.2) and in certain circumstances the 
material is suitable for direct recycling. This 
occurs in a ’’closed loop” type of operation with consumers 
segregating and returning a particular item to a collection 
point, e.g. the reclamation and direct recycling of PS 
from egg cartons (Section 9.2.2). Future direct 
recycling of plastics waste from the consumer sector 
would most probably also take place in this kind of 
’’closed loop”. The most suitable articles being those 
with high turnover from the packaging industry, e.g. 
milk containers and other beverage containers.
The sorting of single polymers from heterogeneous 
plastics waste obtained from salvage operations is a 
major obstacle to the direct recycling of salvaged 
plastics. Another problem, which is receiving attention,
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is the efficient cleaning and drying of contaminated 
plastics.
9.2.6 INDIRECT RECYCLING
Indirect recycling uses waste plastics in applications 
where virgin material may be used, but is not essential 
because the products have lower specifications. The 
material for indirect recycling need not meet the 
same stringent requirements as that for direct recycling. 
Various degrees of contamination and heterogeneity may 
be acceptable depending upon the product and process, 
although thermosets are not as a rule acceptable.
Indirect recycling would normally approximate to 
the following scheme:-
(a) Granulation etc. to produce a suitable form.
(b) Mixing, with the possible addition of fillers 
and pigments. The mixing process should 
produce as uniform a mixture as possible.
(c) Injection moulding, extrusion, pressing 
etc. to fabricate final products.
Possible sources of material for indirect re­
cycling are from reclamation and salvage. All indirect 
recycling operations to date have obtained their supplies 
of material by reclamation.
A number of indirect recycling processes are 
described below. Most of them have been designed 
for use with'mixed thermoplastics, but they could be 
used for single polymers.
(a) Regal Packaging Ltd. (UK) have developed a 
process which produces a thick sheet of material
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five feet wide at up to four feet per minute from a 
wide variety of homo- or heterogeneous plastics wastes. 
The sheets can be pressure formed into a number of differ 
ent products such as fork lift pallets, boxes, building 
board, acid proof trays etc.
The waste plastics are first granulated and then 
passed through a "Digestor" which produces a sheet up 
to one inch thick, from which Regal produce fork lift 
pallets for sale at £1.50 (1972).
The process can cope with contaminants such as 
bits of metal and grit. Sheet has been produced from 
plastic coated cable trimmings (including bits of 
copper), plastic coated paper sacks, old detergent 
bottles, as well as PE, PS, and PVC scrap. A wet 
scrubber is required for processing PVC (Paske).
(b) The Nissei Blend feeder (Japan) is a pressure 
feed/injection unit designed for handling mixed 
plastics wastes. Organic and inorganic fillers are 
usually used and it is claimed that they have been used 
in higher proportions than those allowed by conventional 
mixing/blendingsystems. This is because the Blendfeeder 
kneads, de-aerates and moulds in one continuous 
process. Fillers used successfully have been volcanic 
ash, mica, glassfibre, clays, talc, metal oxides, 
woodflour and chopped paper waste.
The Blendfeeder comprises two screw units, a 
vertical premixer, preheater, and a horizontal blender/ 
injector designed for use with standard Nissei 
moulding machines (Report on Europlastique 74).
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(c) The Mitsubishi Reverzer (Japan) is designed to 
recycle any mixture of PE, PP, PS, ABS, polyester and 
nylon in the form of mouldings, film or fibre waste.
The Reverzer will accept up to 50% offilters such as 
sand, glass, paper and cloth.
They are being used to produce moulded parts, 
for example: fence units, rails, cable spools, timber
replacement items and large section gutters. They can 
process 300 - 500 kg./hour.
(d) Kobe Steel (Japan) have developed a process for 
converting plastics scrap into material suitable for 
injection moulding or extruding into pipes, containers,, 
blocks etc.
The scrap is first compacted and impact pulverised 
and then metal contaminants are removed. The 
pulverised plastics are melted in a specially designed 
"melter" and then injection moulded or extruded 
(Kobe Steel Developes two new Waste Processing Systems).
(e) About 100 "Remaker's" have been installed in 
Europe. These shred or pulverize many kinds of mixed 
plastics waste, including contaminated bottles, for 
conversion to shoe soles, bicycle saddles, household 
utensils and toys. The products are limited to a 
minimum wall thickness of V  inch (Flintoff).
(f) It is reported that the Kabor process (U.K.)
has been developed to regenerate paper,board/PE mixtures 
into moulding materials suitable for extrusion and 
injection moulding ( Flintoff).
(g) A "superboard" has been made from 50% wood and
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50% plastics waste (mainly bags). It is claimed to be 
cheap, and superior in some respects to chipboard, being 
dimensionally stable, flexible, and moisture resistant 
(Austria) (Flintoff).
(h) The mixed thermoplastics waste segregated by 
householders in Funabashi (Section 9.2.2) is processed 
by two machines to produce flower pots, pipes and poles.
(i) The P.E. scrap reclaimed by the Golden Arrow 
Dairy (Section 9.2.2) was extruded by the Ledco Co.
to make agricultural drainage tile. Local specifications 
prohibited the use of scrap for this purpose and therefore 
the process was discontinued,
(j) The Roberts Irrigation Co. attempted to produce lawn 
sprinklers by a process which involved grinding, 
ferrous metal removal and extrusion of PE waste. The
waste material was so contaminated that the hydraulic 
streams in the extruder were blocked, and finally 
production was discontinued (Section 9.2.2).
9.2.7 THERMAL RECYCLING
Polymers being derived from oil, are a source of 
hydrocarbons, and therefore, like oil are a possible source 
of energy and chemical feedstock. The energy from plastics 
can be utilised by either incineration or pyrolysis.
Chemical feedstock can only be obtained by pyrolysis.
Waste plastics for incineration and pyrolysis may 
be in any form, although pulverisation of bulky items 
may be desirable; they may be heterogeneous and include 
thermosets and other contaminants. Only in certain 
circumstances where the retrieval of a particular chemical 
is concerned must plastics waste be homogeneous.
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Thermal recycling can utilise plastics waste collected 
by recovery, reclamation and salvage.
9.2.7.1 Incineration
Most plastic materials have a. similar calorific value 
to fuel oil (Table 9.1) and this energy can be liberated 
by incineration. The energy can be utilised by heat recovery 
for heating, electricity generation etc. A feature of 
energy recovered from incineration is that it is only 
available for immediate consumption as it cannot be 
stored.
Two plastics incinerators described in Section 7.5.1 
are available with heat exchangers.
Contaminated heterogeneous plastics waste may be used 
as feedstock for an incinerator with heat recovery, 
although gas cleaning equipment would be required when 
PVC is incinerated.
Heat recovery from the incineration of plastics 
waste is not widely practised, and no reference has been 
found about installations in this country.
9.2.7.2 Pyrolysis
The principles of pyrolysis were described in 
Section 7.4.4. The products from the pyrolysis of 
polymers are a sulphur-free light oil and a combustible 
gas. The gas can be stored and then either burnt to 
provide energy for some process, or used as a chemical 
feedstock. The oil can be stored and used as a 
pollution-free fuel (no emissions of sulphur dioxide).
There are few commercial scale plants for the 
pyrolysis of plastics waste in operation. The laboratory 
scale work of Menzel, Perkow and Sinn is summarised below
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Table 9.1 Calorific Values of Common Polymers
Calorific Value 
Kcal/kg.
Polyethylene 10,000
Polypropylene 10,000
Polystyrene 10,800
PVC 5,250
Poly methyl methacrylate 7,750
Polyamides 7,200 - 8,200
Polyesters 7,200
Fuel Oil 11,000
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followed by descriptions of two Japanese and one German 
process. Ford have developed a distillation process 
for polyurethane foams which is also included.
(a) Menzel, Perkow and Sinn first investigated the 
pyrolysis reaction with a molten salt mixture (magnesium 
chloride and potassium chloride) as the medium, and then 
in a fluidised bed reactor similar to those used for 
cracking 1ightraphtha in oil refineries (Figure 9.1).
These experiments were undertaken to see if plastics 
waste could be used as a chemical feedstock.
Fluidising gas ( 500.1./hr) was passed through a 5-6 cm. 
diameter sand bed with a fluidisation zone 5-8 cm. in 
height. Nitrogen was first used as the fluidising medium, 
but later cracker gas was circulated by a small compressor. 
Plastics (50-100 g.) were the feedstock. Some of the 
results are presented in Table 9.2.
The cracking of naphtha produces cracking oil, benzene,, 
fractions, propylene, ethylene, and a tail gas con­
taining hydrogen, ethane and methane. A complete spectrum 
of products was obtained from the cracking of polyethylene, 
rather than just ethylene.
The conclusions drawn from their experiments are:
( i) Plastics waste, even when contaminated'with wood 
or paper, can be processed in a cracking plant 
in the same way as crude oil.
(ii) The fluidised bed can process quite large
pieces of plastic and any pieces of metal 
included can easily be separated.
(b) Mitsui Chemical Industries have developed a
36 ton/day thermal cracker for mixed plastics waste,
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Key to figure 9.1
1 Plastic feed hopper
2 Screw conveyor
3 Downpipe with cooling jacket
4 Fluidised bed
5 Cyclone (1)
6 Cooler
7 Electrostatic ppt.
8 Intensive cooler (l)
9 Cyclone (2)
10 Intensive Cooler (2)
11 Cyclone (3)
12 Gas sampler
13 Gas meter
14 Compressor
15 Rotameter
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(except PVC). The plastics waste is crushed and fed 
into a cracking oven where it is pyrolysed at 420°C.
The vapour from the reactor is cooled in a condenser where 
it separates into a gas and an oil. The gas is burnt 
at a flare stack (or used for heating) and the sulphur- 
free oil stored.
The oil yield is said to be about 90% and the residual 
gas yield about 5% of the weight of plastics input. The 
typical oil has a flash point of 30°C and a calorific value 
of 11,000 Kcals/kg. The capital cost of a 36 ton/day 
plant was about £150,000 (Flintoff).
(c) The Sanyo Electrical Co. in cooperation with 
Osaka University-have developed a cracker process in which 
crushed plastics are first melted by microwaves. If PVC 
is present the hydrogen chloride is produced during this 
initial heating. It is passed to an absorbing tower 
where it is recovered as hydrochloric acid. The molten 
plastics are passed to a reactor kiln where they are 
pyrolysed at 400 - 500°C at 500 mm. Hg pressure.' The 
vapour produced is liquified by cooling and the resultant 
oil stored. An experiment on PE milk containers gave a 
91 - 95% yield of sulphur-free oil (Measures to Meet 
Plastics Nuisances).
(d) Ruhrchemie A.G.are operating a pilot plant 
converting about onetonne per day of PE resins and waxes 
into oil with a 95% conversion rate. No further 
details have been published (Speth).
(e) The Ford Motor Co. (US') have developed a process 
for reducing PU foams to their constituent ingredients from 
which new foams can be produced. The waste foam is heated 
with water and then distilled (Profit from Waste Foam).
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CHAPTER TEN
PLASTICS WASTE: DEGRADATION
10.1 DEGRADATION OF PLASTICS
There is no large scale commercial production of degradabl 
plastics; indeed the producers take a lot of trouble to 
ensure that plastics are not degraded. However, with the 
increased awareness of the public to the environment, much 
research has been carried out into degradable plastics.
The objectives of this research are:-
(a) That the plastics should be stable in
production and use.
(b) That the plastics should degrade when
discarded (and when exposed to the outdoor 
environment).
(c) That the products of degradation should be
harmless and absorbed by the environment.
The first two objectives require degradation to 
be caused by an agent which is universally available out­
doors and virtually non-existent indoors. Possible agents 
are electromagnetic radiation (photodegradation), rain- 
water (water soluble plastics), and living organisms 
(biodegradation).
10.2 PHOTODEGRADATION
Commercial plastics contain backbones of carbon atoms, 
the latter being linked together by covalent bonds.
Different functional groups are attached to these carbon 
atoms and contribute to the properties of various polymers.
To degrade a polymer the covalent bonds joining the carbon 
atoms have to be broken; this requires energy.
The most common source of energy is the sun which
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supplies electromagnetic radiation over all wavelengths
-10
from less than 10 metre (X-rays) to over 300 metres 
(radio waves). Window glass filters out wavelengths 
under about 3.2 x 10  ^metre (this is in the ultraviolet) 
from the sun's radiation. Therefore, if ultraviolet (UV) 
radiation could be used as the source of energy to initiate 
degradation of polymers the first two conditions would 
be satisfied.
The bond energies of most chemical bonds are in the 
range 50 - 200 kcals/mole. The energy of one einstein of 
UV radiation, wavelength 2 x 10  ^metres is 135 kcals., and 
it can therefore be expected that absorption of UV radia­
tion will be sufficient to break a chemical bond or at 
least to produce a high energy reactive molecule.
When a molecule absorbs UV radiation some of its 
electrons are excited. They may correspond to an 
electronic form in which the electrons of a bond no longer 
maintain the chemical bond. In this case the molecule 
dissociates, usually by homolytic cleavage into two 
free radicals. These may then propagate further reactions.
It is also possible for the excited electrons to be 
in a bound state (maintain the chemical bond) but to 
possess the necessary activation energy for chemical 
reaction. Reaction may occur if the lifetime of the 
excited molecule is sufficiently long. The bound excited 
state may lose its excitation energy by fluorescence, 
phosphorescence or internal conversion in polyatomic 
molecules. Only in the case of phosphorescence 
(lifetimes greater than 10  ^ second) is there normally 
any tendency to reaction.
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e.g. homolytic cleavage of hydroperoxide
ROOH ^  — >R0- + -OH
The introduction of a photodegradable plastic could 
come about in the following ways:-
(a) Commercial development of a polymer which 
is itself degradable (e.g. polybutene-l).
(b) Copolymerisation of an inert polymer with 
a photo-active one to give photodegradable 
copolymer.
(c) The introduction of photo-active additives 
to the polymer.
It is convenient to divide these into categories, 
namely, polymers which are photodegradable, and 
photo-active additives for polymers.
10.2.1 PHOTOLABILE POLYMER CHAINS
Research has centred on four broad groups of 
compounds:
(i) Polymers and copolymers of ketones
(ii) Copolymers of dienes with vinyl monomers
(iii) Compounds, with tertiary hydrogen atoms
(iv) Copolymers of dienes which also possess 
tertiary hydrogen atoms.
10.2.1.1 Polymers and copolymers of ketones 
Norrish and Bamford showed that aliphatic ketones
dissociate in two ways when irradiated with UV light.
All aliphatic ketones' exhibit the Norrish Type I reaction 
(see below) to produce free radicals. In addition, certain 
aliphatic ketones containing more than five carbon atoms,
- 357 -
and possessing a hydrogen atom bonded to a carbon in the 
Y  position with respect to the carbonyl may undergo 
a Norrish Type II reaction. This involves breakdown 
by internal disproportionation to form a lower molecular 
weight ketone and an olefin (see below). No free radicals 
are produced in the Norrish Type II reaction.
Norrish Type I.
0 0 
/ , II s II(a) R — C — R + M>--------- >R C- + -R
0
(b) R — C — R2 + hV-  >R1' + *C— R,
Norrish Type II
0............................ ,H.-0./ \
Rj^  C^H2 -CH2--- CH2 ~ C— "R2 +  "  >Rr-CH 'C---R2
I
o
R - G H = C H 2 + CHj-I-R
The Norrish Type I reaction should be the most effective 
in a degradation process because the free radicals produced 
are able to initiate further reactions, including oxid­
ation by atmospheric oxygen, 
e.g. P^- + e>2 --- ----:— > r o 2-
Rl°2- + R2H  ---> R^OOH + R2*
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and
V  + -R2 . > R1R2
R • + -COR  ---- — » R.COR/
1 1 1 1
The Norrish Type I reaction is usually accompanied by
the production of carbon monoxide:-
0 , . ■
r  $.  --- -- >R • + C0o
1 1  2
10.2.1.1.1 Guillet
The study of the photolysis of aliphatic ketones was 
extended to polymeric systems by Norrish and Guillet, 
who investigated the photolysis of polymethylvinyl ketone. 
They showed that both the Norrish reactions occurred on 
the absorption of UV radiation. The Type I reaction prod­
uced a polymer radical and a free methyl or acetyl 
radical; the Type II reaction produced a break between 
the carbon atoms «c and /3 to the carbonyl which resulted 
in a decrease in the molecular weight of the polymer and 
the formation of a double bond. They also investigated 
the reactions of the radicals formed from the Type I 
split and found that there was further breakdown and the 
formation of carbon monoxide, methane and acetaldehyde.
Polymethylvinyl ketone
— CH0 -CH— CH0—  CH— CH0-- GH— CH^-CH—2 | 2 | 2 | 2 |
GO CO CO CO
I I I I
c h3 c h 3 c h3 c h 3
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Norrish Type I
0
(a) P-GH-CH^CH-CH^-P hV  ^  P-CH-CH 2 -CH-CH2-P + CH^C
CO GO GO
I I I
CH C H 3  CH 3
(b) P-CH-CH.-CH-CH.-P h^) v P-CH-CH.-CH-CH.P + *CH. 
| 2 | 2    y > | |
CO CO CO C=0
CH 3  CH3  ch.
Norrish Type II
(a) P-CH-CH.- CH- CH . p. P hV v P-C=CH. -f H.C —  CH. P
| j  | |
C(
A,
O CO CO CO
I I I
IU CH. CH. Cl I
(b) P-CH-CH„-CH-CH„-P hV , P-CH-CH. + H„C = C-P j 2 | 2 — > | 3 2 |
CO CO CO COI I I I
CH3  CH3  CH3  CH3
They found that the Type I reaction was temperature • 
dependant and that the Type II reaction was very nearly 
independant of temperature.
Guillet with other workers at Toronto University 
consequently investigated copolymers of ethylene and carbon 
monoxide (see structure below), and found that both types 
of Norrish reaction occurred. They confirmed that Type I 
was highly temperature dependant with these copolymers and 
only accounted for 10% of the reaction at 25°C.
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Ethylene-carbon monoxide copolymers
-c h 2-c h 2-c h 2-c h 2-g -c h 2-g h 2-c h 2-g h 2-c h 2-c h 2-c -
0 0
They have showed that similar effects can be achieved 
by copolymerisation of various monomers (styrene, 
vinyl chloride, acrylonitrile etc) with unsaturated 
ketones such as phenylvinylketone, i.e. deliberate 
introduction of carbonyl into a polymer chain can be 
used to sensitize the polymer of UV radiation and 
promote its breakdown.
A company, Ecoplastics, has been established with 
Professor Guillet as chairman, with the world wide 
licence for photodegradable plastics based on his 
research. Ecoplastics have since signed an agreement 
with Royal Packaging Industries Van Leer N.V. of Holland 
for them to use the technology of the process. A 
joint company, Van Leer - Ecoplastics has been formed to 
commercialise the invention.
They have adopted a Masterbatch Approach with their 
products, registered as Ecolyte Degradable Plastics.
The first product, an Ecolyte polystyrene is now 
commercially available at a cost said to be 10-15% above 
the normal material price. The masterbatch approach 
involves sale of a concentrated photodegradable polymer 
which is diluted by the manufacturer with conventional 
polymer to give a photodegradable product.
The following claims are made for this material:-
(a) The breakdown time can be controlled by the 
concentration of carbonyl, and depends on
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(i) The physical properties of the 
specific kind of plastic
(ii) The wall thickness of the artefact
(iii) The amount of sunlight to which 
it is exposed.
(b) The physical properties of an Ecolyte plastic
are virtually identical with its non-degradable
counterpart, and therefore can be used in the 
same applications.
(c) They can be produced without costly change in 
manufacturing techniques or equipment.
(d) Ecolyte plastics in their present formulation 
last ten times as long behind glass in sunlight 
as they would Outdoors. This can be varied.
(e) Ecolyte plastics should obtain F.D.A. food approval.
Ecolyte P.S. exceeds the F.D.A. free monomer 
requirements tenfold.
10.2.1.1.2 Eastman Kodak
Kodak have filed a British Patent (B.P.1,128,795) 
which discusses light sensitive ethylene carbon monoxide 
copolymers for temporary food packaging. In particular 
a polymer film of 92% ethylene and 8% carbon monoxide 
has been found to protect products simulating sandwiches 
for several days behind window glass, but to degrade 
on exposure to sunlight.
10.2.1.1.3 Ethylene Plastique
Ethylene Plastique have filed a German Patent 
(G.P. 1,918,562) also concerning ethylene-carbon monoxide 
copolymers, but here used as coatings for Kraft paper 
and milk carton paper. It was found that weathering
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of these was accelerated when compared with control samples 
coated with polyethylene homopolymer.
10.2.1.1.4 Mitsubishi Chemical Co.
Mitsubishi are investigating the addition of methyl 
vinyl ketone to monomers to render them susceptible to UV 
degradation. They have found that this is successful with 
styrene and methyl methacrylate and are extending the 
work to other monomers such as vinyl chloride, ethylene 
and propylene.
10.2.1.1.5 Fibre Polymer Research Centre
Fibre Polymer Research Centre of Japan claim to have 
produced degradable copolymers of methyl vinyl ketone with 
olefines, styrene, vinyl chloride and thermosetting resins.
10.2.1.2 Copolymers of dienes with other compounds
It has been found that natural and synthetic rubbers 
are susceptible to photoxidation. This is due to the
unsaturated bonds in the molecule. The degradation prod­
uces hydroperoxides, which themselves are susceptible 
to UV initiated degradation. 0 0
«  V  I! II
R,HC=CH-R„ hV R.-CH-CH-R- 0„ R.-CHrCHR,
1  Z  ^  1  Z  Z  y 1  .
Research has therefore been extended to other un­
saturated polymeric systems.
10.2.1.2.1 Sekisui Kagaku Kogyo K.K.
Sekisui have filed a patent (G.P.2,165,157) based on
this principle. Styrene and/or methyl methacrylate
(95 - 99.8% w/w) are copolymerised with a diene such as 
butadiene (0.1-5.0%) and, optionally, up to 4.9% of an 
unsaturated ketone such as methyl vinyl ketone. The
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diene is present in sufficient quantity to produce a 
photosensitive molecule, but not to detract significantly 
from the desired physical properties. The photo­
sensitivity is reinforced if unsaturated ketone residues 
are also present. The products can be blended with 
up to 50% w/w of other thermoplastics to produce 
photodegradable polymer blends.
10.2.1.3 Polymers with Tertiary Hydrogen Atoms
The relative stability of simple alkyl radicals is 
in the order
R, C -y R-ChV rch„ / -ch.
reflecting decreasing stabilisation by hyperconjugation 
as the series is traversed. It has been found that poly­
propylene is more susceptible to photo-oxidation than 
polyethylene due to the presence of the tertiary hydrogen 
atom: -
CHq 
I J
•c—
H H " H CH01 H
1
--C
r 1
C
1 3
— C —
1
- C
i 1 n 1 1 n 1
H H H H H
— -
n
Polyethylene Polypropylene tertiary radical of 
polypropylene
Typical polymer oxidation reactions are:-
ytip
r .—  H + 0.
R< + 0,
-> R* + H02*
■> R0,
R00H + RR02* + RH —r---— -- -
The formation of the alkyl peroxides (R00H), is 
particularly important as they are also UV sensitive and
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breakdown to form free radicals which initiate chain 
reactions leading to degradation.
ROOH -- — — >R0- + -OH.
10.2.1.3.1 Princeton Chemical Research
Princeton have investigated the possibility of using 
polybutene-1 as an agricultural mulching film. Mulches 
increase soil temperature and water retention, retard 
weed growth, lengthen the growing season and can help 
prevent plant diseases. There is a large market for 
these films, estimated at 13,500 tons for 1973 in the United 
States (Baum and Deanin).
Princeton have found that their polybutene-1 (commercial 
name Ecolan) film in a 1 mm. thickness will degrade in 
25-75 days depending upon the concentration of anti­
oxidants, UV absorbers and other additives.
In spite of the high monomer costs for butene-1 
(7 - 8 <0/lb. 1973) versus ethylene (3 - 4 0/lb. 1973), 
Princeton believe that the overall costs will be the 
same due to the labour costs involved in clearing and 
disposing of polyethylene mulch, which are not incurred 
with polybutene-1. A 1 mm. film would cost 0 85 - 115 
per acre (1973).
Princeton have filed patents (U.S. 3,590,528;
G.P. 1,911,145; G.P. 2,158,379) describing a polybutene-1 
homopolymer or copolymer with ethylene, or cispolybutadiene 
and blends with other polymers.
10.2.1.3.2 Chisso Corporation'.
Chisso were said to be willing to pay an advance 
of #US 500,000 against future royalties for Princeton's 
technology. The market for mulch in Japan was estimated
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at 45,000 tons per year (Baum and Deanin).
10.2.1.4 Combination Technique (tertiary hydrogen and dienes)
10.2.1.4.1 Japan Synthetic Rubber
JSR have studied a syndiotactic 1,2-polybutadiene 
containing more than 90% of the 1,2 units which can 
disintegrate in seven days in direct summer sun. The 
rate of degradation depends on the degree of crystallinity 
and can be extended to one year. It is claimed that the 
product has rubber like elasticity, excellent transparency, 
low specific gravity (0.91), and can be injection, 
extrusion and blow moulded.
In this case the polymer both possesses tertiary 
hydrogen atoms and is unsaturated.
CH
I
10.2.2 UV SENSITIVE ADDITIVES
All the materials previously described are photo­
sensitive polymers.
Much research has also been undertaken to find suit 
able polymer additives which will absorb UV radiation, 
convert it into chemical energy, and produce free 
radicals which will accelerate the oxidation and chain 
scission which the polymer chains themselves, in the 
absence of additives, undergo very slowly.
Intermediate products of such photoxidations are 
ketones, aldehydes and hydroperoxides which are photo-
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sensitive; and unsaturated hydrocarbons, alcohols, 
carbon oxides which are not.
The reactions involved in the oxidation of polymers 
under processing conditions is now well understood and can 
be summarized in the free radical chain sequence: 
e.g. polyethylene
X- + -CH -CH -CH - -----— > XH + -CH9-CH-CH -CH - (1)
. 2 0 oo-
-GH2-CH-CH2-GH2- 2  ^-CH2-CH -CH2-CH2- (2)
00* 00H
f I
-CH2-CH-CH2- + -CH2-CH2-— >-CH2-CH-CH2- + -GH2-CH-CH2- (3)
00H 0-
I jipaj- 1
-CH2-CH-CH2 - ■ > -CH2-CH-CH2- + -OH (4)
O ’ .
>-CH2-CH-CH2-- -----— > -CH2-CH0 + *CH2- (5)
Breakdown of hydroperoxide gives rise to a new source 
of free radicals in the system and very quickly becomes the 
main source of -CH2*, with the initiation of new oxidation 
chains. The alkoxy radical formed can break down in 
such a way that the main carbon skeleton of the polymer 
is broken (step 5).
The polymer manufacturer guards against this by 
incorporating small amounts of antioxidants and stabil­
isers which reduce the rate of oxidation. There are two 
main types of antioxidants; the first type inhibits the 
chain reaction by removing the reactive propagating radicals; 
the second type removes the hydroperoxide initiators 
as they are formed, by a reaction which does not involve 
free radicals.
The chemical reactions occurring during environmental
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exposure of plastics are basically similar to those occurring 
at high temperatures during processing and fabrication.
An important difference is that the free radicals 
produced by UV irradiation of the hydroperoxide group are 
thermally stable.
ROOH — ^  -> RO- + -OH
R0‘ + 2 RII - ■■ ' ;---> ROOH + ROH + R-
HO- + 2 EH --  — - - » ROOH + H„0 + R-
Chain-interruptive antioxidants have less effect in 
this situation because they do not prevent the formation 
of hydroperoxides- which are photochemical initiators 
at room temperature, but stable to fairly high temperatures 
in the absence of UV radiation.
It is foundv as is expected^ that antioxidants that 
remove hydroperoxides by non-radical reactions 
are effective UV stabilizers. v
From this discussion it can be concluded that , in 
general, if a long UV life is required a peroxide decompos­
ing antioxidant should be used in addition to UV screen­
ing agents^ whereas for a short UV life the more effective 
peroxide decomposers should be avoided.
Any UV sensitive additive used to initiate 
degradation should be thermally stable and not adversely 
affect the antioxidant during processing.
10 2.2.1 Complex Metal Salts
Metal ionsyand transition metals in particular, 
catalyse the photodegradation of polymers. This can be
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represented by
w +  / i v f 2 + .
2 ROOH    ”■  ---— > ROO- + H20 + RO*
e.g. Cobalt
Co2+ + ROOH   -»Co + RO- + OH"
Co2+ + ROOH > Co + ROO- + H+ Propagation
2 ROO- -— — — ■> 2 RO- + 0
The free radicals can enter into chain reactions 
breaking .down the polymer.
10.2.2.1 .1 Scott
Scott of Aston University has studied antioxidants 
and the atmospheric oxidation of polymers. The devel­
opment of photosensitive additives to promote photo­
degradation has been an extension of this study.
He has found a number of chemical chromophores which pro­
motes photodegradation of plastics without affecting their 
processing. Benzophenones and benzotriazoles without 
2-hydroxy groups are effective when used with polyethylene.
He has shown that the transition metal chlorides 
are effective photo-initiators for the photo-oxidation 
of propylene.
He has filed a patent (B.P.appl.-35,546,/70) which 
claims that the addition of small quantities (0.001 - 
0.1%) of at least one non-ionic organo-soluble complex of 
certain metals into the major thermoplastics will render 
them susceptible to photo-oxidation. Only after exposure 
to UV light do these dissociate into metal ions and free
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radicals, which both catalyse photodegradation. Some of 
these complexes are effective hydroperoxide decomposers at 
room temperature and are also UV stabilisers. Therefore 
they help to stabilise the polymer during processing and 
for a period after exposure to UV light. This induction 
period is controllable (although dependant, of course, on 
exposure conditions). Rapid oxidation takes place after 
the induction period, even if the light source is subsequently 
removed. Dyestuffs such as -carotene and phenyl-azo- -
naphthol are faded by these additives when they become 
active and thus serve as indicators that polymer degradation 
has commenced.
Scott’s patent makes specific claims on iron dialkyl- 
dithiocarbamate complexes and particularly iron dibutyl- 
dithiocarbamate used in conjunction with zinc dibutyl- 
dithiocarbamate. Examples of experiments with high 
density and low density polyethylene, polypropylene* 
polystyrene, impact styrene and vinyl chloride acetate are 
given. The effect on PVC does not appear to be significant.
Scott’s system has been tested in an agricultural 
mulch in Israel, and has been used as the support for six- 
packs of beer cans in the USA. Marks and Spencer have 
tested carrier bags made under licence by Amerplas (Finland) 
using Scott’s additives. Tests have also been carried 
out on detergent bottles by a major supermarket chain.
Imperial Chemical Industries have recently taken up 
their option on his system in the UK.
Claims made for plastics incorporating Scott’s additives
are: -
- 370 -
(a) The induction period and breakdown time can be con­
trolled by varying the concentration of additives.
■(b) The additives help stabilise the polymer during 
processing.
(c) No new manufacturing techniques are required.
(d) The additives are expected to be passed as non­
toxic and safe for use with foodstuffs. (They 
belong to a chemical class which has been used in 
polymers which have been used by the food industry 
for many years).
(e) The degradation product of polyethylene is similar
to candle wax and is hydrophilic (containing carboxy, 
carbonyl and hydroxyl groups). It sinks in water 
(unlike powdered plastics) and biodegrades to carbon 
dioxide and water when it has been broken down 
below a certain molecular weight.
(f) If buried after initial exposure the polymer will 
still degrade provided there is a supply of oxygen.
10.2.2.1. 2 Eastman Kodak Co. .
Kodak filed a patent in 1966 (U.S. 3,454,510) 
covering the compounding of various polyolefines with 
0.01 to 1.5% of a "pro-oxidant", with an opacifying agent 
to produce agricultural mulching film. Polyolefins men­
tioned are polyethylene, polypropylene, polybutene-1 and 
poly (4-methylpentene-l); "pro-oxidants"mentioned are 
salts or complex salts of various transition metals such 
as manganese, cobalt, chromium, iron, nickel, zinc, copper 
and vanadium; and carbon black as the opacifying agent. , 
Preferred pro-oxidants, amongst others, were cobalt acetate
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cobalt acetylacetonate, cobaltous dodecylacetoacetate 
copper oleate, cupric stearate, manganese oleate, manganese 
stearate, manganous dodecylacetoacetate and ferric acetate. 
On exposure to sunlight the metal compounds accelerate the 
photodegradation of the polymer, and the opacifier controls 
the amount of UV light transmitted through the film.
10.2.2.1.3 Sekisui Kaguku Kogyo KK
Sekisui have developed similar additives which 
accelerate the degradation of polymers and co-polymers of 
styrene and its derivatives. Applications will be in 
moulded polystyrene foam and foamed polystyrene 
paper. The two products are known as Eslen Beads P and 
Eslen Sheet P and are non toxic. They have been 
authorised as safe for food containers by the F.D.A.
(G.P. 2,142,591).
10.2.2.1.4 A.B.Akerlund and Rausing
A large packaging firm in Sweden, AB&R, has also 
developed additives along similar lines, which degrade 
polyethylene, polypropylene■and polystyrene. Details 
of the additives have.not been published although their 
literature suggests that transition metal compounds are 
effective.
It was hoped to market the treated plastics by the 
end of 1973, if approved by the Swedish government.
10.2.2.1.5 Gillette Co. Research Institute
Gillette found that the rate of photodegradation of 
cotton could be accelerated by the addition of inorganic 
salts, but abandoned the project. It now has a contract 
with the United States Environmental Protection Agency 
to adapt the process to cellulosic wastes.
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10.2.2. 2 Organic Additives
10.2.2.2.1 AB Tetra Pak (Sweden)
Tetra Pak have developed a photodegradable 
polyethylene (low density), which is to be tested as 
polytheylene coated paper for milk cartons. Their 
additives are aliphatic compounds such as paraffins, 
oleic acid and soya bean oil.
The mechanism has hot been described but it could 
depend on the autoxidation of fatty acid (oleic e.g.) 
residues resulting in the formation of radicals. This 
would account for their findings that the initial cross 
linking which occurs when LDPE is exposed to UV is 
inhibited when the additives are present.
10.2.2.2.2 Chisso Corporation (Japan)
Chisso have discovered that the addition of less 
than 1% aldolalphanaphthylamine will accelerate the 
photodegradation of polypropylene (U.S. 3,642,761).
10.2.2.2.3 Mitsubishi Petrochemical Co. Ltd. (Japan) 
Mitsubishi have filed two patents (J.P. 71/38686,
J.P. 71/38687) covering the addition of ketones to 
polyoleflnes to initiate photodegradation.
The first patent covers the use of a diketone such as
0.2% benzil in propylene, which has been shown to degrade 
after thirteen hours UV irradiation.
The second patent covers the use of an aromatic 
ketone such as benzophenone in propylene, which has been 
shown to degrade after 14 hours irradiation.
Mitsubishi have also filed a patent (J.P. 71/38688) 
which states that the addition of substituted cumenes
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(** 2% w/w) such as p-stearyl cumene to polypropylene pro­
motes that polymer’s degradation.
These degradations are brought about by the production 
of free radicals by the additives when exposed to UV 
radiation.
10. 2. 2.2;.4 Ethylene Plastique S.A. (France)
Ethylene have patented (J.P. 72/06,282, F.P.2,060,667) 
various additives for polyolefines to render them sus­
ceptible to photodegradation.
These are:-
(a) 0.1-2% xanthone (rate of photodegradation **
cone. xanthone)
(b) 0.1 - 1% polychloro-aromatic compounds
(e.g. hexachlorbenzene)
with optionally ^ 2% organic compound containing 
an -pyrone ring or an aromatic ketone.
10.2.2.2,.5 Mitsui Petrochemical Ind. Ltd. (Japan)
Mitsui have patented 4-carboxybenzaldehyde for use 
in polyolefines (J.P. 72/11,654).
10.2.2.2 .6 Sekisui Kagaku Kogyo KK (Japan)
Sekisui have patented (G.P. 2,133,896) compounds of 
the type
R 0
I
CR
R
0
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where R^ , R^ , R^ can be hydrogen, methyl, ethyl or propyl 
groups, for use in polyolefines.
They have also patented various substituted phenones 
as have ICI (J.P. 72/09588, N.P. 7,117,991).
10.2.2.2.7 Kagitani
Kagitani has developed a system for sunlight-induced 
disintegration of PVC. The PVC is soaked in polyhalogeno 
organic compounds containing carbonyl groups prior to 
exposure. This causes embrittlement and .subsequent 
physical disintegration of the plastic.
However, this is more a disposal treatment, than a 
built in system of degradation.
10.2.2.3 UNSPECIFIED ADDITIVES
10.2.2.3.1 Biodegradable Plastics Inc. (USA)
Biodegradable Plastics have proposed marketing a
master batch of polystyrene containing a photo-active 
additive which can be blended with ordinary polystyrene 
to make it photodegradable. They claim that the products 
are biodegradable and identify three fungi to support the 
claim ( aspergillus niger, Chaetomium globosum,
PeniciIlium spinulosum).
The price of the masterbatch is 70 //lb and is used 
in concentrations of 5-10%.
10.2.2.3.2 DeBell and Richardson Inc. (USA)
DeBell have developed UV accelator systems for
polypropylene, high density- and low density-polyethylene. 
They claim that the additives are colourless, do not 
affect properties of the polymer, are non toxic and only 
increase compound cost by about 1 //lb.
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10.2.2.3.3 N.V. Ho Hands che Draad-en Kabelfabriek (Holland)
This firm have filed a patent (U.S. 3,590,527) cover­
ing the use of photodegradable polyurethane film for 
agricultural mulch. It is not disclosed whether this 
is a copolymer, or an additive system.
10.3 WATER SOLUBLE POLYMERS
10.3.1 Ilikon Corporation (USA)
IIikon have developed a technique for injection 
blow moulding bottles of hydroxypropyl cellulose ( a 
Hercules resin called Klucel).
A three layered bottle is formed, in which the resin 
is sandwiched between barrier coatings to protect it from 
moisture. The outer coating is scratched after use, so 
that the bottle will be dissolved by moisture when 
discarded.
I. ' .
The resin is expensive, costing /US 1.25/lb.
10.4 BIODEGRADATION
Biodegradation is degradation by enzymes which are 
produced by micro-organisms such as fungi and bacteria in 
their metabolic processes. The study of the bio­
degradation of plastics has not been undertaken with the 
same intensity as that of the photodegradation of plastics.
10.4.1 Schwartz
Schwartz has found that unbranched paraffins can
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support microbial growth up to a chain length of forty 
carbon atoms. Branching inhibits growth.
Schwartz showed that low molecular weight fractions 
(weight average molecular weight 4800) of polyethylene 
could support growth. This may have been supported by the 
presence of some very small molecules, however.
A range of chlorinated paraffins, have also been in­
vestigated and Schwartz has shown that bacteria could use 
these as a source of carbon up to a chlorine content of 
30%. Above this the growth rate slowed and above 
50% it stopped.
10.4.2 Union Carbide Corporation (USA)
A year long study by Union Carbide and sponsored 
by the E.P.A., has confirmed that most plastics are not 
biodegradable. Cellulosics and some plasticizers used 
in PVC are exceptions.
10.4.3 Enzymes Inc. (USA)
Worne, of Enzymes Inc., has shown that certain 
phthalate plasticizers used in PVC are biodegradable.
He has also shown that polyethylene can be made 
more susceptible to biodegradation if it is copolymerised 
with vinyl acetate, acrylic acid, acrylonitrile or 
acrylamide. The ethylene acrylamide copolymer is the 
most affected. An ethylene-acrylamide (10%) copolymer 
showed a 4.85% loss in weight when buried for 180 days 
with a microbial and fungal mixture (Enzobac 4000).
10.4.4 Biodegradable Plastics Inc. (USA)
The research by Biodegradable Plastics Inc. is re­
ported in section 10.2.2.3.las it is not the polymer
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which is biodegradable, but the products from photo­
oxidation.
10.4.5 Swedish Royal College of Forestry (Sweden)
The College is searching for micro-organisms that
will attack plastic coated paper and is using samples that 
have been buried for five years at different depths in 
various types of soil.
10.4.6 Kyushu University (Japan)
Two workers are developing a plastic packaging 
material that is both water soluble and biodegradable.
10.4.7 SUMMARY
Schwartz’s work indicates that the adaption of known 
organisms to biodegrade pure samples of the major polymers 
is unlikely in the near future.
The growth observed on low molecular weight polyethylene 
is put in perspective if one remembers that common 
molecular weights of this polymer are over 20,000.
The structure of polystyrene is similar to that of 
polyethylene and it is not expected to be more susceptible 
to biodegradation.
The results for chlorinated paraffins must infer 
that PVC (chlorine content > 50%) is bio-inert.
However, research on natural and synthetic rubbers 
and other unsaturated polymers has shown them to be more 
susceptible to biodegradation. Haldenwanger states 
that ’’since unsaturated compounds react more easily chem­
ically one can assume that micro-organisms can utilise them 
more easily”.
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It is possible to categorize areas of research in 
biodegradation:-
(i) Discovery of a micro-organism that will 
degrade present polymers.
(ii) Development of a new polymer, which is 
biodegradable.
(iii) Copolymerisation of one of the currently 
used monomers with another monomer which 
will render the copolymer biodegradable,
i.e. incorporation into the polymer skeleton of 
biodegradable groups.
(iv) The use of biodegradable additives, which 
will sufficiently weaken the polymer for 
it to degrade.
New microbes for degrading plastics should
(a) not form spores i.e. they should be bacteria 
or yeasts, not moulds or actinomycetes. The 
existence of spores, which can remain dormant 
but alive for long periods and can be air borne, 
would make control and localisation of in­
fections difficult.
(b) not be, or capable of becoming, pathogenic.
(c) be susceptible to some common bio-aides for 
control.
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CHAPTER ELEVEN 
LITTER
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11.1 LITTER
What is meant by litter? Individual definitions 
will vary, but the author believes the following to be 
appropriate:- Any article discarded by man, which is 
not immediately placed into a recognised system of waste 
collection and/or disposal is litter. This covers 
everything from dumped cars to cigarette packets.
Litter is a form of visual pollution and could also be 
hazardous.
There are two categories of litter:-
I That which is subsequently cleared up, collected 
and disposed of by Local Authorities and other 
organisations. !
II That for which no financially viable clearing and 
collection system is considered possible, i.e.
it remains in situ until it has degraded (if it 
is degradable). ^
Category I litter occurs mainly on the streets of 
villages, towns and cities, in parks, on beaches at 
resorts, and in a number of picnic and beauty spots. 
Category II litter accumulates along the sides of high­
ways, railways, on rural paths, common land, fields, in 
some large parks, on large sections of coastline and in 
seas and lakes.
11.1.1 THE SOURCES OF LITTER
Three sources of litter can readily be identified, 
namely the general public, farmers, and waterborne 
transport.
- 387 -
The general public are responsible for large amounts 
of litter in both categories. The reasons for the dropping 
of litter are not difficult to find:- Carelessness, 
indifference, vandalism, and the attitude that "it is 
someone’s job to clear it up so we may as well give them 
something to do", are some that come to mind. It is 
the mental attitudes behind these reasons which are 
difficult to define; However, it is not the place of 
economics to investigate these, but of other social 
scientists. This study is concerned with the fact that 
people do drop litter. .
The majority of farms are not serviced by local 
authority waste collection, and therefore have to 
dispose of all their wastes. A certain amount of 
material delivered to farms can thus become litter, 
especially those items used in the field, such as 
fertiliser bags, as there is a tendency to leave them 
where they are emptied.
Waterborne transport, especially that portion 
which is maritime, traditionally dispose of all their 
wastes by dumping them overboard. Perhaps there is 
little harm in this practise if it were confined to 
sewage, garbage, glass and tins. The first two 
probably being degraded naturally (or eaten by fish), 
the glass sinks to the bottom to provide low-cost 
housing for small fish and other animals, and the 
tins will also sink and/or degrade. Plastics however 
do not sink but are carried by the tides and are 
eventually washed up on some shore. This has been 
demonstrated by Scott who investigated two rocky shores
388 -
at a remote Scottish sea loch - Loch Scaviag. These 
were cut off from the casual visitor by natural 
barriers and there was no habitation within one mile.
Many of the articles on the 150 yards of shore were 
shown to have come from maritime vessels (Table 11.1).
11.1.2. The Constituents of Litter
Many people believe that litter is almost entirely 
discarded packaging. This belief is apparently true by 
observation, but few litter analyses have been carried 
out to substantiate this view.
One study carried out in 29 States of the United 
States showed that about 1 cubic yard of litter accumulated 
per mile per month along their highways. A more 
detailed analysis was carried out by counting different 
items (Table 11.2).
The results of two analyses carried out in this country 
are presented in Tables 11.3 and 11.4. The Glass 
Manufacturer’s Federation (GMF) measure of litter was 
the number of items, whilst the GLC measure was probably 
weight.
Paper is the predominant measured constituent in 
all three analyses, with cans, glass and plastics being 
other significant constituents. The United States and 
GMF studies indicate that packaging items are 
probably more numerous in litter.
11.1.2.1 Operation Cleansweep and Schools Programme
Due to the paucity of information noted in section
11.1.2. , it was resolved that further litter analyses 
should be carried out.
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Table 11.2 U.S.A. Survey of Roadside Litter
Items 
per mile
v % of. 
Total
Paper: 776 59.49
Newspapers or Magazines 25 1.89
Paper packages or 150 11.52
containers
Other paper items 601 46.08
Cans: 213 16.31
Beer and soft drink -
Other - 14.9
Bottles and Jars 77 Ln . 00 00
Beer and soft drink —  ■ 2.0
(returnable)
Beer and soft drink - 2.8
(non-returnable)
Other - 1.08
Plastic Items 75 5.78
Miscellaneous Items 163 12.53
TOTAL 1,304 99.99
Source: A National Study of Roadside Litter
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Table 11.4 Analysis by GLC at Walthamstow in
November 1971 from streets (by weight)
% % excluding 
leaves
Leaves 63.0
Wodd and timber 1.3 .3.5
Bricks and stone 2 . 0 5.4
Paper 3.7 1 0 . 0
Metal 2 . 0 5.4
Plastics and man-made 0.5 1.4
Glass 0.2 0.5
General sweepings 
(?dust)
27.3 73.8
Source: Fergusson.
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In October 1972, for the third year in succession, 
the Forestry Commission and the British Legion organised 
a litter collection in the New Forest (Operation 
Cleansweep) which was reported in the National Press.
As a result of this publicity the Forestry Commission were 
contacted and agreed to an analysis of the litter collected.
The collection was carried out by eight hundred volunteer,' 
who set out from sixteen collection points with paper 
sacks. The litter was cleared up within about twenty 
yards of roads and paths, in car parks, and in spots 
favoured by the public for picnics. Experience has 
shown that little litter is dropped deeper in the Forest.
An industrial waste disposal firm collected the full 
sacks from the collection points and took them to a 
nearby tip. A random sample of ten sacks was taken from 
the tip and analysed (Table 11.5).
It was desirable for more analyses to be performed 
on litter from a wider range of sites, therefore two 
hundred schools were approached for help with the 
field work (Appendix II -letters). The response 
was reasonable - twenty-five schools offered to carry 
out analyses. Unfortunately, only two sent in com­
pleted analyses, and whilst the store of information has 
been increased it is still insufficient for quantitative 
work.
Attempts were also made to involve The Sunday 
Times Environment Club WATCH, run by the Advisory Centre 
for Education, and the Keep Britain Tidy Group, but 
these were unsuccessful.
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In an analysis the categories and measures must 
first be defined: the categories were paper, cardboard,
plastics, rags, tins and lids, bottles arid glass, metal 
and foil, miscellaneous; the volume and weight were 
both measured.
Volunteers could only be asked to.undertake a 
limited amount of work, so only a few categories could 
be defined. In retrospect, these categories could 
usefully have been expanded to provide information on 
the relative importance of
(i) Packaging and non-packaging'.litter
(ii) Returnable (deposit) bottles and 
non-returnable bottles
(iii) Beverage containers: glass plastic, cans.
The categories required for this would be:
paper, newspaper, beverage cans, other cans, returnable 
bottles, non-returnable bottles, plastic bottles, other 
glass, plastics, cardboard, miscellaneous packaging, 
rags, metals, unclassified.
Litter has been stated to be a form of visual 
pollution and therefore measures of litter should reflect 
the visual impact. Visual impact is believed by the 
author to be a function of volume, colour, and weight.
It would be impossible in a mass survey of litter to 
include a measure of colour and so weight and volume 
were chosen; A straight count was rejected as this 
was believed to be inadequate (compare one dumped 
car with one sweet wrapper). A straight count would 
be the best method of investigating the effect of placing 
a deposit on bottles, however.
- 396 -
Information is also required in the areas of 
deposit rate of litter, costs of clearing and the 
conception of visual pollution, and therefore further 
information was requested from the schools, e.g. leave 
the site for one week, weather, area of site, number of 
volunteers, time taken, personal impressions of site 
(Appendix II). _
The results of Operation Cleansweep and the schools 
programme are presented in Table 11.6.
The constituents from' these collections were ranked 
by volume (which is thought to be a better measure 
of visual impact than weight) in Table 11.7. This 
showed that paper was the most important constituent, 
followed by cans, glass and plastics.
In the Operation Cleansweep analysis it was found 
that most of the rags and metals (about 95%) were not 
packaging. Hence packaging made up about 80% by 
weight and about 85% by volume.
11.2 COSTS OF LITTER
The costs incurred from litter are a combination 
of the cost of clearing, transport and disposal of 
litter, and the costs incurred whilst it is on the 
ground. The first category of costs are almost entirely 
financial, whilst the latter are social (disamenity etc.).
11.2.1 FINANCIAL COSTS
Enquiries at a number of Local Authorities showed 
that figures on litter clearing in parks were apparently
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NOTES ON TABLE 11.6
1. Abbotsford No. 1 - preliminary sweep
(probably several months of litter).
2. Abbotsford No. 1 miscellaneous category
included some large pieces of wood, boots 
and shoes.
3. Abbotsford No. 2 miscellaneous category
included tyres, large cans, pieces of 
rusty car.
4. An ’’Adjusted" version was calculated by 
reducing the miscellaneous section of 
Abbotsford No. 2 as it was unusually 
large.
5. Average column was calculated by adding
results of Cleansweep, Abbotsford No. 1 
and No.2 and Heronwood.
I
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not available. The cost to one authority of extra staff 
to clear a five mile stretch of beach during summer 1971 
was about £1500; 250 litter bins along this beach are
emptied regularly throughout the year at a cost of £ 2 2 0 0  
(private communication). The cost of street cleaning in 
England and Wales Was published in Public Cleansing Costing 
Returns up to 1965/66 when they ceased publication 
(Table 11.8).
In the case of a single site, the factors which 
affect the financial cost of dealing with litter may be 
identified. The clearance of litter from one site over 
a set period of time is discussed below with the follow­
ing assumptions.
(a) The cleared litter is stored on site until a 
full load is available for transport to disposal.
(b) Disposal of litter is integrated with 
disposal of solid wastes by Local Authorities.
(c) The cost of disposal is directly proportional
to the quantity of litter dealt with.
(d) Labour and transport are used on other projects
when not clearing site.
The factors which affect costs are the area of the
Site, the level of litter, and the frequency of collections
The costs of clearing, transport and disposal are con­
sidered in discussion of the factors.
11.2.1.1 Area of Site
The frequency of collection and litter level per 
unit area are assumed to be constant.
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Table 11.8 Cost .of Street Cleaning (England and Wales)
Total Cost 
£m
Net Cost/Street Mile 
£
1960/61 30.9 241
1961/62 34.1 255
1962/63 35.8 248
1963/64 38.3 291
1964/65 36.2 224
1965/66 45.6 307
Source: Public Cleansing Costing Returns
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(a)
The clearance of small sites is labour intensive, but 
at some point with sites of larger area, mechanisation may 
compete favourably with labour, and mechanisation could take 
place. At this point the machines are unlikely to^be 
operating at full capacity and therefore excess capacity 
will be available up to the area which requires full use 
of machines.. Further mechanisation will then take place 
and excess capacity will again be available.
This is summarised in Figure 11.1. For the labour
Figure 11.1 Clearance Costs
intensive section a change in area incurs a directly pro­
portional change in cost; in the sections with excess 
capacity an increase in area causes a smaller increase in 
costs (assuming running costs are less than capital costs);, 
at the point of full capacity an increase of area necessitates 
further mechanisation and the corresponding cost.
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(b)
Transport and disposal costs are directly proportional 
to the quantity of litter collected. With the assumptions 
of this study an increase of area leads to a proportional 
increase in the quantity of litter collected, and there­
fore transport and disposal costs are directly related to 
area.
11.2.1.2 Level of Litter
The other two factors are assumed to be constant.
(a)
An increase in the level per unit area would increase 
the time (and therefore cost) of clearance. It is not 
reasonable to assume a proportional increase, however; 
rather that an increase in level will result in a smaller 
increase in costs (Figure 11.2).
Cost
Level
Figure 11.2 Clearance costs
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.(b)
An increase in litter levels implies an increase in 
the quantity of litter collected and therefore a proportional 
increase in transport and disposal costs.
11.2.1.3 Frequency of Collections
The other two factors are assumed to be constant.
(a)
If the frequency were doubled it would double the 
clearance costs except for the effect of reducing the 
litter level which would have to be cleared on each 
occasion. Therefore the effect of an increase in frequency 
would result in an increase in costs less than proportional 
by the saving in costs on reduced level.
(b) ' , .■ J  V
The total quantity of litter collected from the 
site would be constant and therefore so would transport 
and disposal costs.
11.2.1.4 Schools Programme Results
It was hoped to obtain information on the labour 
intensive portion of litter clearance and the relation­
ship of level and area on labour and thus financial 
costs, with the possibility of deriving a formula of the 
type:-
LABOUR = A + B (Litter Level) for unit area. 
With only three sets of results it is impractical 
to carry out this analysis and the.regression to find the 
constants (or to disprove their existence).
It is arguable that the two measures of litter 
level (volume and weight) are inter-related anyway and time
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taken is related to either, not both.
The possibilities which could have been invest­
igated are: -
LABOUR = A + B Density
LABOUR = A + B Weight Level
LABOUR = A + B Volume Level
The constant A is related to the time taken to cover 
the area without clearing the litter.
The results from the schools programme are:-
Labour Volume-level Weight-level Density
hours/acre cu.ft./acre lbs/acre lbs/cu.ft.
1.4 2.0 8.9 4.45
11.1 9.5 60 6.27
13.4 29 229 7.9
11.2.2 SOCIAL COSTS
Social costs in the sphere of litter are difficult 
to measure because they are mostly incurred on a personal 
level as a form of visual pollution. Costs are also 
incurred from disamenity and hazards to health.
All these adverse aspects of litter are proportional
to the level of litter (volume per unit area) and therefore
the level may be used as a measure of social costs. It
cannot be directly related to costs in financial terms
V
without the use of an unknown multiplier.
However, a study of the effect of various parameters 
on the level of litter will also show their effect on 
social cost. Litter incurs costs all the time it is 
on the ground and therefore social cost will be a function 
of litter level and this time, and in a graph of these two
factors will be related to the area under the curve.
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11.3 THE EFFECT OF VARIOUS PARAMETERS ON THE LEVEL OF LITTER
The level of litter per unit area is considered to be 
a function of:-
(a) rate of deposition
(b) frequency of collection
(c) efficiency of collection
and (d) rate of degradation.
The effect of these parameters has been investigated.
The arguments refer to only one constituent of litter;
the total effect of litter can be made by summation or by
assuming an average lifetime.
11.3.1 DEGRADATION RATE OF LITTER
All litter is degradable,albeit at different rates 
for different materials (glass and plastics are probably 
the slowest and may last hundreds of years). Various 
functions can be postulated to represent the pattern of 
decaying litter, none of which will precisely reflect the 
natural degradation of the materials comprising litter.
Nine types of decay pattern were considered which are 
shown in Figures 11.3 and 11.4.
(I) "Instantaneous" degradation: a lifetime is specified
and at that time the constituent of litter 
instantaneously degrades.
(ii) "Constant straight line" degradation: degradation
starts immediately and takes place constantly 
through time. (If the lifetime is 4  units 
of time then \ of the litter degrades in each 
of the 4 units).
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(iii) "Delayed straight line" degradation: degradation does
not start immediately, but at a specified time 
after which degradation occurs as in (ii).
(iv) "Fractional (Stepwise)" degradation: This is a step
function and reflects specific events in the 
degradation e.g. of a cigarette:-
(a) cigarette discolours
(b) paper falls off
(c) disintegration and dispersal 
of tobacco
(d) disintegration of filter tip.
(v) "Radioactive" degradation: similar to radioactive
decay. The greatest proportion is degraded in 
the early time periods.
(vi) "Delayed radioactive" degradation: radioactive degrad­
ation after an induction period (similar to (iii)).
(vii) "Exponential" degradation: the greatest proportion
degrades in the later time periods. This is 
the reverse of radioactive degradation.
(viii) "Delayed exponential" degradation: exponential
degradation after an induction period.
(ix) "Error function" degradation: degradation takes place
slowly at first, then more rapidly, and 
finally slowly again.
The choice of function was governed by the fact that 
it was the litter level which related to visual impact 
which was to be measured. It is the "wholeness" of litter 
which should be measured by the degradation.function. For 
example a tin can will retain its form and visual impact 
for some timejafter it has been dropped and also for some 
time after chemical degradation (rusting) has started. It
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Level
Litter
Level
i \
Litter
Level
td Time td Time
(a) (b)
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Level
tb td
Time fcl f c 2  tdTime
(c) (d)
(a) Instantaneous
(b) Constant straight line
(c) Delayed constant straight line
(d) Fractional (stepwise)
Figure 11.3 Degradation Functions I
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Figure 11.4 Degradation Functions II
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will then gradually break up into fairly large chunks and 
then into small particles, at which point it ceases to 
cause visual impact, although chemical degradation continues. 
The initial breakdown into large chunks was considered of 
less importance than the breakdown into small particles, 
and therefore "delayed exponential" degradation was chosen 
to represent the decay of litter level (and reduction 
in visual impact). The use of the "error function" was 
considered to have few advantages over the chosen function.
The use of a continuous function means that at certain 
points in time the litter level will not be an integer. This 
concept would be acceptable where volume or weight are used 
to measure litter level, but not if the number of items 
were used (are five half cans equal" to 2 % whole cans?). 
11.3.1.1 Delayed Exponential Degradation
In "exponential" degradation the amount degraded 
at a time, t, is given by (Figure 11.3)
Amount degraded = (1 )
and at t, ^ t d - t b )  _ %
d
k = In 2
td - tb
where tb = start time of degradation
td = time at which degradation is c.omplete
e = exponential
and initial litter level L = 1.
o
Therefore the litter level at time t (L^) is
L = 1  - (eK t 'tb) - 1 ) = 2  - ek(t-tb) (2)
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The litter level in delayed exponential degradation 
is also represented by equation (2 ) for times between 
tb and td.
11.3.2 DEPOSIT AND DEGRADATION RATES
If the deposit rate of litter is assumed to be 
constant and a completely clear site is considered, then 
the litter level will increase at the same rate as the 
deposit rate until t = tb. At this point the first litter 
dropped begins to degrade and thereafter the litter level 
increases more slowly than the deposit rate. The
degradation rate will increase until it equals the
dsposit rate and a stationary litter level ensues. This
occurs at the time the first portion of litter has completely
degraded (td), and there is litter on the ground at every 
stage of its lifetime. Therefore equal portions of litter 
are deposited and degraded for every increase in time beyond 
td. The increase in litter level is illustrated in 
Figure 11.5.
This may be represented in the form of an equation:-
For an initial litter level of L , the litter level
o
at time t (tb £ t £ td) is
L- = L 2 - e 
t o (3)
t t t
L = D ^ dt - eC j + oC £ (2
td
where D = deposit rate
cC = 1  when t>tb, otherwise = 0  
^ = 1  when t >td, otherwise (b = 0
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11.3.3 DEPOSIT., DEGRADATION AND COLLECTION
Collections are now included in the calculations, and 
are assumed to have a given frequency and efficiency. If 
an initially clear site is considered, then a stabilised cycle 
will be reached after a number of collections after which 
the litter levels will be identical for corresponding times 
in the cycles.
If the efficiency of collection is less than 100% 
then litter will be left on the ground after collection.
Litter dropped in the period up to the first collection 
is therefore liable to undergo further collections until 
it has completely degraded. By definition this will 
occur at (td 4- c), where c is the time between collections.
The first stabilised cycle will be that which includes 
the time (td + c). This cycle is called s, whilst the 
current collection period (cycle) will be known as n 
and will therefore lie between (t = nc) and (t = (n+l)c).
At any time there is a distribution of litter in 
varying stages of degradation described by the equation 
in Section 11.3.2, which becomes
omitting the deposit rate. Putting it into the context
£ V- ( 2  - e
t d
(1)
of collection periods t = 0 becomes t = nc. For the 
period up to the first collection n = 0 , and after the 
first collection n = 1. Equation (1) becomes
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L - v l  dt' ■ - < ?  dt + (2 - ek(t'tb‘nc))dt -
nc nc+tb nc+tb
0  C (2 - ek(t-tb-nc))dt (2)
nc+td
where oO = 1  when t ^  nc + tb otherwise oC = 0
P = 1  when t ) nc + td otherwise p = 0
V = 1  when t) nc otherwise 0  .
After a collection this distribution is reduced to a 
level which is inversely proportional to the efficiency 
of the collection. This reduced distribution of litter 
would continue to be described by
Equation (2) x E (3)
where E = inefficiency, 
but for the following new condition:- there is no newly 
deposited litter entering this particular distribution 
after the collection. There are two possible ways for the 
degradation to proceed dependent on the relationship of 
tb and c.
(i) c > tb
Degradation of the completely undegraded portion 
of the litter left after the collection begins immediately 
after the collection, i.e. litter dropped at time 
(c - tb +£t) begins to degrade at (c. + £t), and subsequently 
the litter dropped up to (t = c) begins to degrade in the 
time (c + St) to (c + tb), at which time there is 
no undegraded litter from this period left. Litter dropped 
in the stabilised period is an exception, as it has not
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undergone a collection, and a constant is included (y) 
to account for this.
The level of undegraded litter after a collection if 
c) tb can therefore be represented by:
t t t t
Lj_ = y ^  dt -»C^ dt - (1 -y ) ^ dt + d  ^ dt (3)
nc nc+tb (n+l)c (n+l)c+tb
where & = 1 when t ^  (n+l)c+tb otherwise© = 0
y = 1 when t y sc otherwise y = 0
(ii) c 4  tb
Degradation of the undegraded portion does not 
commence until (t=tb), and subsequently the level of 
undegraded litter falls until time (c + tb), by which 
time the litter dropped at (c -St) has started to degrade, 
and there is no undegraded litter left from this period.
Unlike the previous case the undegraded level will not 
have stabilised when collection occurs (as tb is f 
not reached), and therefore an additional element must be 
introduced to the equation. The level of undegraded 
litter after a collection if c < tb can be represented by:-
dt
(4)
where 0 = 1 when c^ tb otherwise (j> = 0.
t t: z
( dt - (i -y )(l - (j>) ^  dt - (i - 4 )cc\^
nc (n+l)c nc+tb
+ dt
(n+l)c+tb)
E
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Equation (4) can be transformed to the same form as 
equation (3), because the ’’stabilising” element of equation
(4) acts in the same way as the ”reducing” element in 
equation (3) and the reducing element operates in the 
same way as the second element of equation (3). Equation 
(3) therefore represents the litter level attributable to 
the undegraded portion of litter.
The partially and totally degraded distribution is 
now considered. The level attributable to this is re­
presented by: -
t t
Lt =
cC^ ' (2 - ek(t-tb-nc)) dt - A  (2 - c
nc+tb nc+td
k(t-tb-nc)^dt
(5)
until there is no more litter entering the degradation cycle 
It has been shown above that this occurs at ((n+l)c + tb), 
after which the level attributable to the degrading portion 
decreases until at (td + (n+l)c) it becomes zero (by 
definition). Equation ( 5 ) must be modified to account for 
this reduction and levelling off at zero:- 
t t t
Lt = «c ( Xn dt - jffy xn dt - 0^ X (n+1)dt
nc+tb nc+td (n+l)c+tb
+ <f> ^ x (n+l) dt (6 )
(n+l)c+td
where (f> = 1  when tX(n+l)c + td otherwise = 0  
Xn = 2 - ek( t ^ n c )
x(n+l)__ 2  _ ek(t-tb-(n+l')c)
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Combining the equations (3) and (6 ) yields an equation 
which describes the distribution of litter from one 
collection period after one collection: 
t t t
Y $  dt d t - ( l - O ^ ) ^  dt +
nc nc+tb
t t
dt +oC\
nc+tb(n+l)c+tb
t
(n+l)c+tb
Xn dt
(n+l)c 
: , \  X- dt
nc+td
X^n+1V dt +
t
x (n+l) dfc
(n+l)c+td
E (7)
For a constant deposit rate, constant frequency and constant 
efficiency, the litter level at any time is & summation 
of a number of distributions multiplied by the deposit 
rate and the inefficiency raised to the power corresponding 
to the number of collections undergone by each particular 
distribution.
e.g. put C  1  from equation (7) = B
Then in stabilised cycle (where s = 4 )
litter level from collection period 0  = BDES
litter level from collection period 1  = BDE
litter level from collection period 2  = BDE 2
litter level from collection period 3 = BDE
litter level from collection period 4 = BD
n=s
h  - D I Z  BE
n=o
s-n (8.)
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Plotting litter level against time would give 
a graph similar to that illustrated in Figure 11.6.
The area under the curve at any time in the 
stabilisation cycle may be calculated by integrating 
the level equation (9) between the limits sc and t.
If, however, any of the elements of the level equation 
start to act during the course of the stabilised cycle, 
then only the area generated subsequently should be 
included. This possibility exists with the last 
six elements of the level equation, and the situation 
is solved by use of constants as before;
The equation for the area is :
Dn=o
t t
( d t  - (1-7) \ y  dt -«ctt\ \ dt
' sc (n+l)c sc nc+tbsc nc
dt
nc+tb nc+tb sc (n+l)c+tb
t t t t
+ O  (l-K) ^ ^ dt +<*<*( ^ x(n) dt
( n+ 1 ) c+ 1  b ( n+ 1 ) c+ 1  b sc nc+tb
+oC (1- /I) ^ ^ Xn dt
nc+tb nc+tb
t . t
- \ x" dt
sc nc+td
-fVr ) I \ X dt - O  K 
nc+td nc+td sc (n+l)c+tb
x(n+1) dt
- ©(l-K) ^ \ X(n+1)
6 ^ 0  c + tfc +
dt +
t t
M ' I
X(n+i)
sc (n+l)c+td
+
t t
<f> (1-TT ) y  \ X (n+1\  dt
(n+l)c+td (n+l)c+td
E(s-i0  (1Q)
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where r). = 1 when sc > nc + tb
K = 1 when sc ^ (nfl)c + tb
= 1 when sc y nc 4- td
7T = 1 when sc y (n+l)c +. td.
The integrated form of this equation may be found in 
Appendix IIItogether with the computer program used to 
calculate the areas.
11.3.4 RAPID CALCULATION OF UNIT AREAS
A relationship between the parameters was developed to 
enable rapid.calculation of unit areas (average litter 
level over cycle) for any combination of parameters without 
resorting to the use of the use of the full formula and a 
computer. Three new identities were defined:-
(i) B = td (ii) ta = tb +(td-tb) (iii) F = ta
tb 2 c
B is an identity which is a characteristicof the 
rapidity at which litter degrades; ta is a characteristic 
of the lifetime; F relates the lifetime to the collection 
frequency.
If ta and F are used as the identities to evaluate 
unit areas, then the rapidity of degradation is not 
accounted for, and evaluation is not possible. The use 
of B and F as the identities includes all the parameters 
of the original equation (except for E) and both 
characteristics of the lifetime.
A table can be constructed of the multiplicands of 
Dc for E = 0 for any combination of B and F.
For 100% efficiency of collection (E = 0) the unit 
area when tb^. c will be 0.5 Dc by definition, as no degrad­
ation takes place (deposit rate is put at unity).
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The elements where this occurs in the table can be 
found as follows:-
td-tb
F = ta = tb + 2
c c
1.5 tb 
f
i.e. at c = tb, F = 1.5 '
for c < tb, F y 1.5.
Values of F for other values of B were calculated in 
the same way (Table 11.9). The other elements for this 
table were calculated from the full formula.
Multiplicands for B = 2, C = 1.0 at various E 
(0.01, 0.15, 0.01, 0.03, 0.04, 0.05, 0.10, 0.20) were cal­
culated and plotted against E (figure 11.6). The result 
was very nearly a straight line with a variation of slope 
over this range of E of only 0.4%. This range of E 
encompasses any which would be expected in practice, and as the 
estimates of the other parameters are likely to involve 
greater errors, the assumption of a straight line is 
justified.
2 3
The variation is caused by the E , E etc. terms, 
as the contribution from E to the total area is a function 
of all the powers of E described by the original equation (10).
The unit area for any combination of the parameters can 
be calculated from:
Unit area = £ Area (E=0) + Slope x E ^  Dc.
Now for B
2td-tb 
F = tb + 2
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In order to calculate the slopes for each of the 
elements of Table 11.9, one other set of figures was 
required and therefore the areas for E = 0.15 were 
calculated (Table 11.10)and from these two tables the 
slopes (Table 11.11).
The unit areas may be calculated by picking out the 
correct elements in the tables:-
Unit Area = [ (Table 11.9) + (Table 11.11) E "] Dc
If the variation from the straight line is to be 
accounted for to get greater accuracy further tables may be 
calculated and the unit area becomes:
Unit Area = [(Table 11.9)+(Table 11.11)E +(Table Y)E2
+ (Table X)E .. .^ Dc
Example:
Given:
frequency: c = 15 weeks
inefficiency: E • = 0.1
Deposit rate: D = 15 cu. metres/week on site.
Find the average litter level (unit area) and total impact 
for 15 weeks.
t = 8 + = 16; B = 24/8 = 3
a z
F = t /c = 16/15 = 1.067 a* 1. 
a
Average Level = [ 0.4842 + (0.5505)(0.1)] (15)(15).= 121.33
121 cu. metres 
Total Impact = 121.33 x 15 = 1820.
lifetime: t, = 8, t, = 24 weeks
b d
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,11.3.5 COMPARISON OF UNIT AREAS
The effect of different lifetimes on the total area 
of the stabilised cycle is demonstrated in Table 11.12.
The areas of which were caclulated with E = 0.15. To 
enable comparison with different frequencies a unit area 
(A^) has been calculated. This is the average litter 
level over the cycle.
The degradable/non-degradable ratio may be plotted 
against the identity F (Figure 11. 7'). From this graph 
it is evident that degradable litter has little effect on 
the average litter level where F> 2.0 (i.e. if ta is more 
than twice the length of collection period).
Conversely, where the collection period is greater than 
twice ta changing it has little effect on litter 
levels (Figure 11.8).
11.4 EQUATING FINANCIAL AND SOCIAL COSTS USING MODEL
For the most efficient clearance of litter marginal 
social and financial costs should be equated. This can 
be illustrated with an example using the model developed 
in the previous sections.
A site has been investigated and the following 
estimates of the parameters has been made:
Deposition rate (for whole site) = 15 c.metres/week 
Average lifetime of litter is represented by: tb=8, td=24 
Inefficiency of collection, E = 0.1.
Annual financial costs were found to decrease by one third
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if the collection frequency is halved. Suppose that 
annual social costs are considered to be five times the 
average litter level. What is the optimum collection 
frequency? The annual financial cost for a weekly collection 
is £1000.
The calculations for six frequencies are shown in Table 
11.13, and the results illustrated in Figures 11.9 - 11.12.
From the graph of marginal costs the optimum frequency 
is found to be about 4% weeks at which point the marginal 
costs of both financial and social aspects are £45.
The total annual cost is £615 (£205 social + £410 financial) 
and the average litter level 41 cubic metres.
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11.5 METHODS OF REDUCING LITTER LEVELS AND COSTS
Litter levels and/or their associated financial and social 
costs may be reduced by action on the variables discussed 
earlier in this chapter: the deposit rate, the frequency
and efficiency of collections, and the individual constituents 
i.e. increasing degradability. -
11.5.1 DEPOSIT RATE
The reduction of the deposition rate of litter is the 
most effective method of lowering litter levels because 
without deposition^there can be no litter. There are 
four methods of reducing the deposition of littec- education, 
legislation, deposits on packaging and reduction of packaging.
11.5.1.1 Education
The object of education is to make the public more 
aware of the costs of litter (social and financial) and 
consequently to discourage litter dropping. The 
education about litter is in the hands of independent 
groups, the most important of which is the Keep Britain 
Tidy Group (The Friends of the Earth are the other major 
group in this sphere). Keep Britain Tidy Group are 
recognised by the Government who donate £1 for every £1 
raised elsewhere. The major use of the income is a form 
of advertising campaign. They are conducting a research 
project to find methods of litter education at schools.
The effectiveness of the advertising campaign is unknown, 
although there are signs of growing public awareness.
The total Income from 1967 - 1972 has been:
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1967 £18,000
1968 £25,000
1969 £31,000
1970 £32,000
1971 £69,000
1972 £220,000 (Keep Britain Tidy Group
Annual Report 1972).
11.5.1.2 Legislation
Legislation is an attempt to prevent deposition of 
litter by penalising those who offend. There are two 
main Acts in Britain against littering:-
The Litter Act 1958 as amended by the Dangerous 
Litter Act 1971.
Civic Amenities Act 1967.
In addition there are several Acts which have some 
relevance to litter (Keeping Britain Tidy):
The Highways Act 1959 
The Vagrancy Act 1824 
The Public Health Act 1936
The Public Health Act 1961
The Caravan Sites Act 1968
The Litter Acts deal specifically with litter and provide 
for fines up to £100. The Civic Amenities Act allows 
Local Authorities to prosecute those who dump motor 
vehicles and other rubbish (large objects) with a maximum 
fine of £100 on first conviction and £200 or three months 
imprisonment on subsequent convictions.
To have any chance of success legislation must be 
enforced; convictions must be obtained and penalties
imposed. Convictions have been obtained under the
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provisions of the Litter Acts, but the police have felt 
frustrated over the scale of punishment imposed (Keeping 
Britain Tidy p.17). In one case a fine of £3 was imposed 
for dumping four hundredweights of litterbin October 1958.
Fines do not appear to have increased as some statistics 
for Surrey 1 April - 1 September 1973 show:
16 Prosecutions under Litter Act; 14 of which totalled
£173; Average £12.36.
40 Prosecutions under Civic Amenities Act; 34 of which 
totalled £342; Average £10.06.
The litter included 15» motor vehicles, 1 horse box, 1 
settee and armchair, straw, tyres and a parking ticket (Hagley).
These penalties are derisory and they are unlikely 
to either encourage the Police Authorities to obtain 
convictions, or to act as a deterrent.
11.5.1.3 Deposits on Packaging
The rationale behind deposits on articles of packaging 
is that the public should be encouraged to return the 
articles for recycling. If successful this policy would 
also reduce litter levels.
In this country there is an increasing trend to no­
deposit (and non-returnable) packages (Mills - statistics 
on returnable bottles, non-returnable bottles, and cans 
for beverages). Manufacturers have complained that they 
were not getting sufficient cooperation from the public 
with deposit bottles. Supermarkets, which aim for maximum 
use of selling space, are reluctant to provide space or 
labour to deal with empty containers.
None of these problems are insurmountable, as deposits 
could be raised to a point where the public will take notice
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and retail outlets could be persuaded in some way to handle 
empties..
Some Local Governments have already enacted legislation 
on beverage containers, the most notable being the Oregon 
"Bottle Bill11 of 1971. This requires that a minimum of 
five cents deposit be paid by the consumer on each 
beverage container sold at the retail level and refunded to 
him upon return of the empty container (Oregon Laws 1971). 
There is continuing controversy about the effectiveness of 
this legislation on litter. One report by Eileen 
Claussen (see HMM) for the E.P.A. states that the portion 
of litter due to beverage containers has declined by at least 
49% between winter 1971/72 and winter 1973/73. Waggoner 
(HMM) states that containers requiring 1 cent deposits 
have ten times as much chance of ending up as litter than 
containers with 5 cent deposits. Van Keuren (HMM) believes 
that the ends achieved have not been worth the cost.
Similar legislation has been enacted in Vermont (Litter 
Levy: aid to Municipalities ...) and British Columbia.
11.5.1.4 Reduction of Packaging
There is a considerable body of opinion which believes 
that the packaging industry may, in certain cases, be 
overplaying their hand and overpackaging many items.
This would cause increased levels of solid wastes and of 
litter and is therefore undesirable. This argument is 
well put in "Packaging in Britain: A Policy for Containment"
(pp. 1 - 4), the other side by "Plastics Waste Disposal"
(p.13).
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Although there is undeniably.a fair amount of over­
packaging, a reduction would be unlikely to affect the 
litter levels greatly, as overpackaging is not common with 
beverages and food (the packaging of which forms a signifi­
cant fraction of litter).
A reduction in packaging would have a beneficial effect 
on solid waste collection and disposal costs, however.
11.5.2 FREQUENCY AND INEFFICIENCY OF COLLECTIONS
It has been shown in the theoretical analysis
(Section 11.3) that the frequency of collection plays a 
major part in determining litter levels. Increasing 
the frequency of collections implies greater use of 
factors such as manpower and machinery. Local Authorities 
are already faced with an allocation problem as they do 
not have sufficient finances for all desired projects 
(Dixon). If corners are to be cut it is often litter 
clearance which suffers. This does not mean that Local 
Authorities are not aware of the problem as many are 
subscribing members to the Keep Britain Tidy Group 
(Annual Report 1972).
The inefficiency of litter clearance is probably 
under 10%, and so little reduction of litter levels
would result from increasing efficiency, even if it were a 
practical proposition.
11.5.3 INDIVIDUAL CONSTITUENTS
It is possible to reduce the levels of litter by using 
material which degrade faster. It is also possible to 
reduce social costs by different choice of materials.
Nuisance in the field of litter may be associated 
with four major parameters:
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the weight of material; 
its volume;
whether or not it constitutes a hazard; and 
how long it will endure in the environment.
These adverse aspects of litter may be drawn up in a 
table of demerits for different materials in litter 
(Table 11.14). The relationship between these para­
meters .and social cost is not known, beyond the rankings 
given.
Table 11.14 Demerits Table for Litter
Nuisance
Parameter
Order of 
demerit
Weight Volume
Degree of 
hazard Endurance
Most offensive 
Least offensive
Glass
Paper
Metal
Cans
Plastics
Rags
Cardboard
Paper
Plastic
Cans
Glass ) 
Metal  ^
Cardboard) 
Rags
Glass
Cans
Metal
Plastics
Paper )
Rags j
Cardboard)
Glass
Plastics
Metal
Cans
Cardboard
Rags
Paper
Much adverse criticism has been levelled.d: plastics 
packaging, particularly in respect of litter, which has led 
to the publication of Staudinger*s book, the setting up of 
a Plastics Institute Working Party (Some aspects of Plastics 
Waste Disposal, Plastics Waste Disposal), and various 
conferences (Plastics Packaging and Our Society, Plastics
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Waste and the Environment) with the aim of putting plastics 
packaging into perspective.
The social costs of plastics litter are almost entirely 
due to visual impact, although some reports of suffocated 
animals have been made. The social costs of its competitors 
in the packaging industry (glass, cans, paper) involve 
hazards in the case of glass and cans, which would be 
increased if plastics were to be replaced by them.
Photodegradable plastics are now commercially available 
(Chapter 10) and one of their purported aims is to reduce 
litter levels. The effect of the degradability of the 
various materials in litter is shown in Table 11.15 
(calculated from the model in Section 11.3.3). It is 
clear from.this table that altering the mix of constituents 
would have little effect on the litter level where collections 
were made every five weeks or less; the maximum difference 
at ten week intervals is about 3.8%; but at 50 week 
intervals about 50%. Paper has. an advantage over plastics, 
cans, and glass, but there is no difference in the last 
three even at 50 week collection intervals.
Degradable plastics only have a significant advantage 
over ordinary plastics where collection intervals are in 
excess of 40 weeks, yielding a 6.2% reduction in average litter 
level at 50 week intervals (for degradation between 
one and one and a half years).
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CHAPTER TWELVE
PLASTICS WASTE: ALTERNATIVE POLICIES
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12.1 PLASTICS AND SOLID WASTES
The production of solid wastes is a necessary part 
of the life of a community. Large quantities are pro­
duced in the U.K. (Chapter 4) and large amounts of labour 
and capital are utilized in dealing with this waste (Chapters 
6, 7, 8). Efforts have, therefore, been directed to the 
creation of alternative methods of storage, collection and 
disposal, to the possibilities of recycling, and to the 
more efficient use of raw materials, in order to alleviate 
the problems and costs of solid wastes. Plastics have, 
perhaps, been the subject of more speculation than other non- 
toxic constituents of solid wastes, which has been partly 
due to the very reasons which have made them so widely 
used (i.e. resistance to degradation, low density, 
impermeability, high pigmentation). In addition there 
are psychological reasons for some attacks (probably 
because they are synthetic and comparatively new in relation 
to other materials).
It has been shown (Chapter 5).that plastics packaging 
is the major constituent of plastics waste and is likely to 
remain so for at least the next decade. If any action is 
to be directed specifically at plastics waste it would 
therefore be most effective if concentrated on plastics 
packaging. In fact the packaging industry has been the 
subject of much discussion in which-it is participating 
(e.g. Conference on Plastics Packaging and our Society).
Plastics in their present formulations are neither 
photo- nor bio-degradable and therefore the methods of 
disposal involving biodegradation are ineffective and,plastics
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remain to incur tipping charges. They remain unchanged in 
tips, which are basically biological methods of disposal.
The only effective way of dest roying plastics is heat and 
thus incineration is the only disposal process in current 
use in the U.K. which destroys plastics. Incineration is 
simply a disposal process as few incinerators are equipped 
for heat recovery. There is also a risk of. air pollution
by hydrogen chloride produced from PVC.
Plastics waste contributes significantly to the in­
creasing volume of solid wastes (this is best exemplified 
by the litter analyses of Table 11.6), which has led to 
the use of compaction systems for collection, the requirement 
of larger storage receptacles, various pipeline collection 
systems and on-site disposal methods.
The contribution of plastics to the problem of solid 
wastes as described in this thesis is summarised in Table 12.1.
12.2 POLICIES FOR PLASTICS WASTE
Policies to reduce plastics waste or to make disposal
more efficient may be brought about by normal economic forces, 
or encouraged by government intervention. Different 
methods of government intervention in matters of the en­
vironment, many of which are applicable to plastics waste 
are discussed in Victor; Pearce; and papers read at the 
Conference on Fiscal Policies and the Environment. In 
particular Pearce1s paper read at the Conference deals 
with fiscal policies and recycling.
Alternative policies to laissez faire are:-
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Table 12.1 Summary of Plastics and Solid Wastes in U.K. 1974
m.tonnes Kg/capita
POPULATION 56,077,00C
Domestic, Commercial, Industrial Waste
Total 53.8 960
Plastics (from Analyses Chapt.4) 0.9 16
Plastics (Forecast) 1.04 - 1.22 19 - 22
Plastics (Corrected forecast) 0.78 - 0.84 14 - 15
Plastics (Packaging and Catering) 0.57 10
Local Authority Collected Waste
Total 17.9 313
Plastics (Analyses) 0.57 10
Plastics (Forecast corrected) 0.47 - 0.50 8 - 9
Plastics Packaging (Forecast) 0.34 6
Consumption
Plastics (Forecast) 2.013 36
Plastics Packaging and Catering
(Forecast) 0.572 10
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(a) Introduction of photodegradable plastics.
(b) Introduction of recycling on a national scale.
(c) Alternative disposal processes.
(d) Reduction of consumption.
(e) Use of alternative raw materials.
Policies for recycling and alternative methods of
disposal are dependent on overall policies for solid wastes 
especially in relation to those dealt with by Local Authorities.
12.2.1 INTRODUCTION OF PHOTODEGRADABLE PLASTICS
Plastics may be made susceptible to photodegradation 
either by modification of present formulations or the use 
of new polymers (Chapter 10). Formulations which only 
degrade whilst exposed to U.V. light are potentially use­
ful only for litter and specialised products such as agri­
cultural mulch film; formulations which continue to 
degrade after initial exposure cold also have a beneficial 
effect on landfills.
It has been shown (Section 11.3.5) that the effect of 
degradation rates on litter levels is minimal where 
lifetimes are much greater than collection intervals. 
Photodegradable plastics are therefore only likely to re­
duce litter levels where collection intervals are about 
one year or more.
It is unlikely that as much as 5% of plastics 
packaging ends up as litter of which possibly 85% (Paine) 
is regularly cleared up from streets and parks. The 
universal use of photodegradable plastics in place of 
the current formulations in packaging is therefore unlikely
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to be justified, i.e. the additional cost of photodegradable 
plastics will probably be greater than the saving in social 
and clearing costs of litter.
However, if a single source of uncollected plastics 
litter were to be identified, the use of photodegradable 
plastics in this application might then be justified.
Scott (Plastics Packaging and Pollution) believes that 
the polyethylene fertiliser bag could be a candidate for 
such action, as they are generally left where emptied in 
the fields.
The use of degradable plastics for agricultural mulch 
film saves the cost of collection from the fields and 
disposal.
Disposal processes are unlikely to be adversely 
affected by degradable plastics and landfill might benefit 
from a saving in tipping space. However, the effect of 
products from the degradation should be investigated as 
there is a possibility of producing hydrocarbon gases, 
organic acids and hydrogen chloride (from PVC).
The use of photodegradable plastics is a waste of 
fixed carbon as only thermal recycling would be possible 
if they were used.
12.2.2 INTRODUCTION OF RECYCLING ON A NATIONAL SCALE
Recycling is an attractive policy because It has the 
dual effect of a reduction in demand for virgin materials, 
thus conserving natural resources, and a reduction in the 
flow of wastes from the economy which would incur disposal 
and associated costs. For those countries which have
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to import the raw material it has the added attraction of 
savings on the balance of payments:
The current consumption of oil products for all purposes 
in the U.K. is roughly 120 m.tonnes. Plastics consumption 
is about 2 m. tonnes which requires the carbon from about 
2.7 m. tonnes of oil and the energy from about 3m. tonnes. 
Plastics therefore use about 5.7 m. tonnes (about 5%) of 
the total oil consumption of the U.K. The potential saving 
of natural resources of even a 100% recycling rate of 
plastics is negligible.
The rationale of recycling plastics must be either a 
saving in disposal and associated costs or a saving on the 
balance of payments, or both.
The heterogeneity of plastics waste (polymers, qualities, 
designs, applications, fillers, stabilisers, plasticisers 
etc.) presents a considerable technological barrier to 
recycling. Despite this, various recycling processes have 
been developed (Chapter 9). However, a stable source of 
supply of waste plastics would be required for any commercial 
undertaking. Packaging and catering products must there­
fore constitute the major potential supply of plastics 
waste for recycling, except for those industrial recycling 
operations which already take place. The maximum potential 
for recycling plastics waste is therefore something under 
30% of consumption.
The maximum saving on the balance of payments is 
therefore less than 1.5% of the total bill for oil, and 
it should not be forgotten that the recycling processes 
themselves require energy. Whether this saving (about 
£60 m./annum) is thought worthwhile is a decision of the 
government.
- 455 -
The recycling of plastics should not be viewed in 
isolation as this policy would be a part of an overall 
operation for the recycling of solid wastes.
The recycling problem may be summarised in a 
similar way to that deduced by Pearce (Fiscal Incentives 
and the Economics of Waste Recycling: Problems and
Limitations):
(i) From the firms point of view the objective 
is to minimise
C = TCy (X) + TCr (X)
(ii) From the social point of view the objective 
is to minimise
S = TCV (X) + TCR (X) + TECp>E(X) + TEC (X)
+ TEC (X) + TCd (X) + TECd (X) -
beri/x  ^ “
where X = output level
TG^ = total cost of virgin material
TC - total cost of recycled material
K
TEC^ „ = total external costs associated
with the extractive industry
JP,E
TECp y = total external costs of pollution from
’ use of virgin materials
TECp■; = total external costs of pollution from
recycling process
TC^ = total costs of disposal methods
TEC^ = total external costs of pollution from
disposal processes
B = present value of gains in resource lifeJtiKL
L = present value of gains in land life
(if landfill used)
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There are a number of different recycling processes 
for waste plastics (Chapter 4) in some of which markets 
have been created for recycled material (i.e. it does 
not compete with virgin plastics in a real sense).
12.2.3 REDUCTION OF CONSUMPTION
The only practical subject for a reduction in con­
sumption is overpackaging. The quantity of plastics used
in excess packaging is probably very small in relation
*
to the total plastics used in packaging. The reduction of 
excess packaging is likely to have little benefit to 
disposal and associated practices.
12.2.4 USE OF ALTERNATIVE RAW MATERIALS
The use of alternative raw materials is only possible 
where they have similar characteristics in performance.
Given this,the problem is then similar to the choice between 
virgin and recycled raw material, i.e. the material which 
involves the least cost to society should be used.
From the firms point of view the following should be 
minimised:
C = TCp(X) + TCm (X)
where subscript P = plastics
M = other material.
From the social point of view the objective is to 
minimise
s = TCp(x) + t c m (x ) + t e c e p (x ) + t e cE)M(x )
+ TCD;P(X) + t cD)M(x ) + t e cD;P(x ) + t e c D;M(x )
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where p = tGtal external costs of extractive
9 industry for plastics (oil).
TEC_ .. = total external costs of extractive
E M
’ industry for material M,
TCp p = total cost of collection, disposal
’ of plastics.
TC M = total cost of collection, disposal
’ of material M.
TEC^ p = total external costs of collection
V and disposal of plastics.
TEC^ ^  = total external costs of collection
9 and disposal of material M.
One analysis of the environmental impact of PVC and
glass liquor bottles in the United States (Bailie et al.)
concluded that PVC was the preferred material.
12.2.5 ALTERNATIVE DISPOSAL METHODS
The only alternative disposal process reviewed which 
effectively deals with plastics is pyrolysis. As far 
as plastics are concerned this process has two advantages 
over incineration in that there is no risk of air pollution 
and the products may readily be utilised. Pyrolysis 
is preferable to incineration as a disposal process for 
plastics if
TCp - R TCp + TECj p , for a given quantity
^ ’ of plastics waste
where TCp = total cost of pyrolysis
TCp = total cost of incineration
R = revenue from gales of gas
TECp p = total external costs of pollution from 
’ incineration.
From the discussions on the costs of incineration and 
pyrolysis (Chapter 7) it would appear that in fact capital 
and operating costs would be, if anything, cheaper for
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pyrolysis and therefore is the preferred method of disposal.
The external costs of pollution from incineration are likely 
to be quite small at present, as emissions are generally 
inside the limits set by the Alkali Inspectorate (Section 
7.2.6).
12.3 INVESTIGATION BY MODEL
The interactions of the various policies may be invest­
igated by a materials flow type model. Figure 12.1 illustrates 
the flow of plastics material through the economy from 
polymer production to the ultimate disposal method - 
landfill. The interdependence of the policies discussed 
in the previous sections is readily appreciated by a study 
of this diagram.
The whole of this study may be discussed in terms of 
this model and much of the data required has been 
generated in the course of the report. Polymer production, 
fabrication and consumption were discussed in Chapters 2 and 
3; the forecasting model for plastics waste (Chapter 5) in 
effect describes the build up of a stock of plastics in 
consumption and their subsequent release into the waste 
stream; the quantities of all solid wastes and plastics 
waste and their route through to disposal is described 
in Chapters 4, 6, 7 and 8; the recycling of plastics 
in Chapter 9; the degradation of plastics in Chapter 11 
and litter in Chapter 12.
The objectives of the model were:-
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(i) To study the alternative flows of plastics 
material through the economy
(ii) to find the total costs of plastics waste on 
an annual basis and to identify points 
where they were incurred.
(iii) to compare the different recycling routes.
(iv) to compare recycling with alternative methods 
of disposal.
(v) to assess the consequences of various policy 
decisions.
Unfortunately, although the model has been formulated, 
the computer program written and tested successfully, 
and much of the required data generated for earlier 
parts of the thesis, there was insufficient time to make 
the above investigations.
If the model were to prove satisfactory, itfs 
usefulness would not be limited to plastics, but could 
be readily adapted for other materials.
The model formulation and program are presented in 
Appendix IV.
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APPENDIX I 
PLASTICS WASTE FORECAST:, COMPUTER PROGRAM
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PLASTICS WASTE FORECASTS: COMPUTER PROGRAM
INPUT
STAR
N
Y
X
YS
YF
YM
YN
Z
Year preceding first year of consumption data 
Number of industries +1 (i.e. annual totals) 
Number of sets of annual consumption data 
Consumption data and annual totals
1 )
2 ^) Range of probability distribution in years
Lower 95% limit 
Upper 95% limit 
Number of years for printout
OUTPUT
Table 1
Table 2
Table 3
Table 4
Annual sets of consumption figures 
One table, N rows, Y columns
Probability matrix (Normal distributions) 
One table, N-l rows, YF columns
Waste distribution for each year of 
consumption
Y tables, N rows, YF columns
Total annual waste production 
One table, N rows, Z columns.
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THE PROGRAM
‘BEGIN’ 'INTEGER' S,X,Y,K1,K2,Z;
'INTEGER' U,J,K,N,YS,YM,YN,YF,ZS,STAR;
'REAL' V; ,
'REAL' 'PROCEDURE' INT(Y,X,A,B);
'VALUE' A,B;
'REAL' X,Y,A,B;
'BEGIN' 'REAL' H,K,YA,YM,YB,II,12;
'INTEGER' N,I;
IZ:=1;
N:=2;
H:=0.5*(B-A);
X:=A; YA;=Y;
X:=0.5*(A*B); YM:=Y;
X:=B; YB:=.Y;
II:=H*(YA+4*YM*YB)/3;
'FOR' H:=0.5*H 'WHILE' ABS(ll-12) &=8 'DO'
'BEGIN' I2:=I1;
N:=2*N:
I1:=0;
'FOR'1:=1 'STEP' 2 'UNTIL' N 'DO'
'BEGIN' K:=A+I*H;
H:=K-H; YA:=Y;
X:=K; YM:=Y;
Y:=K+H; YB:=Y;
I1:=H*(YA+4*YM=YB)/3+I1
'END';
'END';
INT;=I1 
'END' OF INT;
'COMMENT'
PROGRAM STARTS HERE:
STAR:=READ: .
N:4READ;
Y:=READ;
YS:=1; YF:=25;
'BEGIN' 'ARRAY' A C  l:N,l:Y] ,P Cl:N,YS:YF3 ,PR [l:N ] ,PC Cl: 253 
'ARRAY' PROBCYS:YF3 ;
'INTEGER' 'ARRAY' TCl:Y3 ;
'FOR' J:=l 'STEP' 1 'UNTIL' Y 'DO'
'BEGIN' S:=0
'FOR' I:=l 'STEP' 1 'UNTIL' N 'DO'
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'BEGIN' 
'END'; 
'END';
'BEGIN'
'BEGIN'
'END';
'END';
'BEGIN'
'BEGIN'
'BEGIN'
X:=READ;
S:=S*X;
A Cl,J,l s=X
T [ J 3 :=READ;
'IF' T C J3 + S 'THEN' 'GO TO' ERROR;
NEWLINE (2);
WRITE TEXT ('('TABLE *1')');
NEWLINE (2);
'FOR' K2:=0 'STEP' 10 'UNTIL' Y 'DO' 
K1:=Y-K2;
'IF' Kl> 10 'THEN' Kl: = 10 
SPACE (7);
'FOR' J:1 'STEP' 1 'UNTIL' K1 'DO'
PRINT(STAR=J=K2,7,0);
NEWLINE (2);
'FOR' I:=l 'STEP' 1 'UNTIL' N 'DO' 
PRINTCH(3873);
PRINT(I,3,0);
'FOR' J:=l 'STEP' 1 'UNTIL' K1 'DO'
PRINT (A CI,J*K2],7,0);
NEWLINE(l)
WRITETEXT( ' ( ' TOTAL%%')■');■
'FOR' J:=l 'STEP' 1 'UNTIL' K1 'DO'
PRINT(T C J+K2],7,0);
PAPERTHROW
'FOR' I:=l 'STEP' 1 'UNTIL' N 'DO' PR I := 
'FOR' I:=l 'STEP' 1 'UNTIL' 25 'DO' PC I : = 
'REAL' PI,A,B,C,H,T,V;
PI:=4*ARCTAN(l);
'FOR' J:=l 'STEP' 1 'UNTIL* N 'DO'
YM:=READ;
YN:=READ;
C:=1/SQRT(PI);
H:=2.772/(YN-YM);
V: =II*(YS-0, 5*(VM+YN) ) ;
A:=C*INT(EXP(-Tt2),T,V-H,0);
C:=C/(A+0),5);
'FOR' I:=YS 'STEP' 1 'UNTIL' YF 'DO' 
B:=V+(I-YS)*H;
A:=B-H;
PROB C. 13 :=C*INT(EXP(-T t 2),T,A,B);
P [J,I3 :=PROB C13 ;
'END'
o
.
o
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'END'
'BEGIN'
'END'; 
'END';
'BEGIN'
'BEGIN'
'END';
'END';
'BEGIN'
'BEGIN'
'END'; 
'BEGIN'
'FOR' I:=l 'STEP' 1 'UNTIL' N 'DO'
'FOR' J:=l 'STEP' 1 'UNTIL' 25 'DO'
V:=P C I-.J1 ;
PR Cl 3 :=PR Cl3 +V;
PC CJ3 :=PC CJ3 +V
NEWLINE (2);
WRITETEXT('('TABLE%2')');
NEWLINE(2); '
’FOR’ K2:=0,10,20 ’DO1
K1:=’IF' K2=20 'THEN' 5 'ELSE' 10;
SPACE(7);
'FOR' J:=l 'STEP' 1 'UNTIL' K1 'DO'
PRINT (J+K2,7,0);
'IF' K2=20 'THEN' WRITETEXT('('%TOTAL')'); 
NEWLINE(2);
'FOR' I:=l 'STEP' 1 'UNTIL' N 'DO'
PRINTCH(3873);
PRINT(I,3,0);
'FOR' J:=l 'STEP' 1 'UNTIL* K1 'DO'
PRINT (PCI,J+K23 ,1,5);
'IF' K2=20 'THEN' PRINT (PR Cl 3,1,5); 
NEWLINE(l)
WRITETEXT ('('TOTAL%%')');
'FOR' J:=1 'STEP' 1 'UNTIL' K1 'DO'
PRINT(PC C .J+K23,2,4);
PAPERTHROW
Z:=READ;
'ARRAY' SUMC l:N.,l:Zl ,SC Cl:Z3 ;
'FOR' J:=l 'STEP' 1 'UNTIL' Z 'DO'
SCC J3 :=0;
'FOR' I:=l 'STEP' 1 'UNTIL' N 'DO'
SUM C I,J1 :=0
'FOR' K:=l 'STEP' 1 'UNTIL' Y 'DO'
WRITETEXT('('TABLE%3%F0R')');
PRINT(STAR+K,4,0);
NEWLINE(2);
'FOR' I: = l 'STEP' 1 'UNTIL' N 'DO' P R C l 3  :=0; 
'FOR' I:=1 'STEP' 1 'UNTIL' 25 'DO' PC CII s=0;
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'BEGIN'
'BEGIN'
'BEGIN'
'END'; 
'END';
'END'
'END';
'BEGIN'
'BEGIN' 
'BEGIN' 
'END';
'FOR' K2:=0 'STEP' 10 'UNTIL' 25 'DO' 
SPACE(7);
R1:='IF' K2=20 'THEN' 5 'ELSE' 10;
'FOR' J:=l 'STEP' 1 'UNTIL' K1 'DO' 
PRINT(J+K2,7,0);
'IF' K2=20 ’THEN' WRITETEXT('('%TOTAL')') 
NEWLINE(2);
'FOR' I:=l 'STEP' 1 'UNTIL' N 'DO' 
PRINTCH(3873);
PRINT (1,3,0);
'FOR'J:=l 'STEP' 1 'UNTIL' K1 'DO' 
ZF:=J+K2;
V:=A C I,Kl *p Q I,ZF1 ;
PRINT(V,3,3) ;
PC C ZF3 :=PC CZF3 V;
PR CI3 :=PR C.I1 +V;
ZS:=ZF+K-1;
'IF' ZS'LE'Z 'THEN'
SUM t I,ZS}=SUM C I,ZS3+V,
'IF' Kl=5 'THEN'
PRINT(RRt IU ,4,2);
NEWLINE(1)
WRITETEXT('('TOTAL%%')');
'FOR' J:=l 'STEP' 1 'UNTIL' K1 'DO' 
PRTNT(PC C J+K23,3,3);
PAPERTHROW
WRITETEXT('('TABLEX4' ) ');
NEWLINE(2);
'FOR' K2:=0 'STEP' 10 'UNTIL' Z 'DO' 
K1:=Z-K2;
'IF' K1 10 iTHEN' Kl: = 10;
SPACE(7);
'FOR' J:=l 'STEP' 1 'UNTIL' K1 'DO' 
PRINT(STAR=J=K2,7,0);
NEWLINE(2);
'FOR' I:=l 'STEP' 1 'UNTIL' N 'DO' 
PRINTCH(3837);
PRINT (1,3,0);
'FOR' J:=l 'STEP' 1 'UNTIL' K1 'DO' 
ZF:=J+K2;
PRINT(SUM C I,ZF3 ,3,3):
SCCZF3 :=SC CZF3 +SUM L I,ZF1
NEWLINE(1)
WRITETEXT('('TOTAL%%')');
'FOR' J:=l 'STEP' 1 'UNTIL' K1 'DO'
PRINT(SCCJ+K2D ,4,2);
PAPERTHROW
'END'
'END';
'GO TO’ EXIT;
ERROR: WRITETEXT ( ' ('ERROR%IN/£DATA%AT%%%%') ');
'FOR' I:=l 'STEP'1 'UNTIL' N ■ ■'DO' PRINT(A C I, J 1 ,.7,0) 
NEWLINE(2);
PRINT(T C J 3 ,7,0);
'END'; 
EXIT ; 
'END';
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APPENDIX II
SCHOOLS LITTER PROGRAMME
Guildford, Surrey Telephone Guildford 71281
Dear
I am writing to ask for your co-operation in a research 
project which I am conducting at the University of Surrey.
One of the growing problems of the great amounts of solid 
waste we generate is that of litter. "While many organisations 
and groups are agitating about litter, no-one has attempted to 
quantify the problem.
One approach to this is to actually pick up litter and 
categorise it to find out the volumes and weights of its 
constituents. If a large sample were taken the results could 
be extrapolated to cover the country. Unfortunately it is 
physically impossible for me to take a large'enough.sample (it 
is only a part of my research), but if a number of schools were 
to carry out an investigation the results could be collated and 
a picture of the situation in Surrey obtained.
These investigations would best be carried out in the Easter 
and Summer terms at sites chosen by the schools concerned. These 
could be parks, picnic or beauty spots etc.
It is anticipated that the litter would be picked up by pupils
apd placed in paper sacks. The contents of the sacks would then
be divided into different categories (glass, tins etc.)r the weights 
and Volumes of which would be noted.
In addition, if the number of pupils taking part and the number 
of hours taken are noted, I intend to do a Cost Benefit Analysis 
on litter.
As the project is also concerned with the impact of plastics 
on solid wastes it is hoped that some Chemistry pupils might divide
the plastics collected into the various polymer groups whose volume
and weight would be noted.(Some chemical analysis may be required, 
the instructions for which will be provided by the University) .
The dates and sites chosen by each school can be discussed 
when the response to this appeal is known. (This is planned to 
prevent schools choosing the same sites and dates).
I think this project is justified on the following grounds
(1) The facts and figures collected could be used by the 
government and industry to combat litter e.g. if 
polyethylene was found to be a big problem the government 
might be persuaded to legislate the use of photodegradable 
plastics for certain packagings.
/ (2)
Department o f Chemistry 
Professor J. E. Salmon
(2) The beauty spots and other parts of Surrey will benefit
from the investigation by that amount of litter collected.
I hope you will seriously consider helping me. Your school 
will receive full credit in any publications which might ensue. If 
your school would like to participate please fill in and return 
the attached slip before the end of term. I will then send you 
more details. .
I hope to arrange a meeting of representatives from all 
participating schools to iron out any problems before investigations 
begin.
Thank you.
Yours sincerely,
a m
D.J. Tanner.
Return to Dr. T.M. Poole
Department of Chemistry 
University of Surrey 
GUILDFORD 
Surrey
Name of Representative
School
Address
Guildford Surrey Guildford (0483) 71281 Telex 85331
Litter Analyses
I have received requests for further information to 
facilitate decision making.
' I enclose
(1) a programme for the analysis
(2) sample result sheets
(3) results from an analysis I carried out.
I hope these will provide you with most of the. information 
you require. I anticipate that the analysis would take 
about half a day; thus the full programme would take two 
half days with an interval of one or two weeks between them. 
If you are unable to spare this amount of time., please 
consider doing the initial analysis as any information is 
valuable.
*
I carried out an analysis on litter collected in the 
New Forest during Operation Cleansweep at the beginning of 
October (enclosed results for your interest). ■ I found that 
the following were needed:
(1) paper sacks (for collectors and for analysis).
(2) spring balance.
(3) string to tie the necks of the sack for weighing.
It is best to measure the volume first, then squash.the 
contents of the sacks, tie the neck and weigh. In the case 
of bottles and tins it is safest to divide.the contents 
into two. for weighing.
If there is sufficient demand, I will arrange a 
discussion meeting at the University on Monday, January • 
22nd.
I would be most grateful if you could please fill in 
and return the enclosed form.
Thank you.
Yours sincerely,
David J. Tanner.
Department o f Chemistry 
Professor J. E. Salmon 
Professor f. A. Elvidgc
- 475 -
LITTER ANALYSES
Programme
(i) Choose location - preferably beauty or picnic spot, park, layby.
(ii) Check'that no-one else has chosen this location.
(iii) Obtain permission from the relevant authority (parish, town
council, etc.).
(iv) Arrange for them to leave the site uncleared for the chosen 
week^ and to collect your heap of litter after the investigation.
(v) Clear the location of all litter.
(vi) Analyse if you wish (a) for practice (b) extra information.
(vii) Note the weather over the week.
(viii.) Find out approximate area of site.
(ix) Return to site one week later for analysis.
(x) Note number of people involved in picking up the litter.
(xi) Analysis by weight and volume.
(xii) The contents of the sacks should be shaken down fairly vigorously,
but not squashed down, when measuring the volume. The contents
should be level with the top to record a volume of one sack.
(xiii) State approximate volume of one sack (in ft.).
(xiv) Analysis categories :-
Paper"
Cardboard
Plastics
Rags
Bottles & Glass 
Tins & Lids 
Foil .
Other Metals 
Miscellaneous.
(xv) Arrange collection and disposal of litter by local authority.
RESULTS SHEET 1
1. Location
2. Period of Study 
(Dates)
3. Area of Location
4. Weather over Period (Tick) Sunny Rain
Cloudy-Warm . Changeable. 
Cloudy-Cool
5. Any Public Holidays during Period (Specify).
6. Were Litter Bins Provided at Site?
7. If so, how many?
8. Number of Collectors
9. Number of Hours taken Collecting
10. Total man-hours
11. Was the location badly littered? 'What impression did it have on 
the researchers? (Please ask helpers and put numbers down).
Badly littered (objectionable to the eye) ....... .
Littered but bearable    . . . ......................
Fairly clean  ......... ......
Very clean  ...........................
12. Other comments.
LITTER ANALYSES
RESULTS SHEET 2
10 SUMMARY OF ANALYSIS RESULTS
ITEM VOLUME
(Sacks)
% VOLUME WEIGHT
(lbs)
% WEIGHT
PAPER 
CARDBOARD 
PLASTICS 
TINS & LIDS 
OTHER METALS 
TIN FOIL 
GLASS & BOTTLES 
RAGS
MISCELLANEOUS
TOTALS
APPROXIMATE VOLUME OF SACKS =
LITTER
LITTER ANALYSIS
TOTALIZER SHEET
PAPER CARDBOARD PLASTICS RAGS TINS & LIDS
WT. VOL. WT. VOL. WT. VOL. WT. VOL. WT. VOL.
■...........................  ..
LITTER
LITTER ANALYSIS
TOTALISER SHEET
OTHER METALS TIN FOIL GLASS < BOTTLES MISCELLANEOUS
WT. VOL. WT. VOL. WT. . VOL. WT. VOL.
ANALYSIS OF LITTER F.ROM OPERATION CLEANSWEEP
NEW FOREST 1st October 
1972
ITEM VOLUME
(sacks)
% VOLUME WEIGHT
(pounds)
% WEIGHT
PAPER 2 3/4 31.5 23.5 17.4
PLASTICS 2 22.9 9.0 6.7
CARDBOARD 2/3 7.7 5.5 4.1
RAGS 1/2 5.8 8.0 5.9
TINS •& LIDS 1 'B ' 12.9 19.0 14.1
BOTTLES & GLASS 2/3 7.7 38.0 28.1
METAL & FOIL 2/3 7.7 21.0 15.5
MISCELLANEOUS 1/3 3.8 11.0 8.2
TOTAL 8.3/4 100.0 135.0 100.0
Approximate Volume of Sacks = 2.6 cu.ft.
Approximate Total Weight Collected = 35 tons 
Sample % (by weight) = 0.2%
Approximate Number of People= 8 0 0
Please return to: D. J. Tanner,
Chemistry Department, 
University of Surrey, 
GUILDFORD.
Name
School and Address
1. How many copies of the results sheets will you require?
Sheet 1 ....... .
Sheet 2 .... .
Sheet 3 ........
& 4
2. Do you wish to do chemical analysis of plastics section?.......
3. Do you wish to attend a discussion meeting at the University on 
January 2 2nd?  ....
4. How many people will accompany you?  .....
5. What is the best time to arrange the meeting for you?
Morning 
Afternoon 
Evening.
Guildford Surrey Guildford (0483) 71281 Telex 85331
School of Humanities and Social Sciences 
Department of Economics
DJT/AM 16th January, 197 3.
Dear
There has been insufficient demand for a meeting 
on 22nd January and so I have cancelled it.
However, I would be pleased to visit anyone who 
wishes to discuss any aspect of this project with me.
I should be free to do this on most Mondays, Wednesdays 
and Thursdays of February and March, so please write 
to make arrangements.
So far, nineteen schools have offered to help, and I 
would like to take this opportunity of thanking you all 
for your interest.
With best wishes for the New Year.
Yours sincerely,.
David J. Tanner
Guildford Surrey Guildford (0483) 71281 Telex 85331
School of Humanities and Social Sciences 
Department of Economics
Dear
Since sending the sheets to you an improvement has 
come to mind. This is the inclusion of "newsprint" as an 
extra category. This should effectively separate paper 
into the divisions of packaging and non-packaging.
This category can be included under "miscellaneous" on 
the summary sheet.
A number of people said they would have likedto come to 
the discussion which I had to cancel in January. I will 
therefore try to arrange another one for Friday 6th. April 
starting at A  o *clock in the afternoon. I should think 
the discussion would last about 1 - l-J- hours. Please 
let me know if you can come (and number accompanying 
you) as soon as possible, so that I can book a room.
To prevent an overlap it would be an idea for you to 
let me know the sites you decide upon, so that I can check 
that none are the same.
When you have carried out the analyses could you send 
all the sheets back to me. I will then return them to 
you together with the results from the whole exercise.
Thank you.
Yours sincerely,
DT: eg
David Tanner
JLU1M>I X JLi*IUAT XUiN Ui? JTJjiiOXXUD
The following are a series of simple tests by which the 
better-known plastics may be identified:
(a) Measure the approximate specific gravity. This is most 
easily done by taking a few ml. of a series of test liquids, 
adding a drop of detergent and finding whether the unknown 
material floats or sinks. Recommended test liquids are:
Specific Gravity
Benzene 0.88
60 Parts by Volume Ethanol 
to 40 Parts Water
0.915
Water 1.0
Methylene Dichloride 1.34
Chloroform 1.5
Carbon Tetrachloride 1.6
The specific gravities of common plastics are:
less than
00•0 Poamed Plastics
0.9 Polypropylene
0.92 to 0.96 Polyethylene (Low to High Density)
1.0 to 1.2 Polystyrene, Acrylonitrile/Butadiene/Styrene, 
Cellulose Acetate Butyrate, Acrylics, Nylons, 
Polycarbonates.
1.2 to 1.4 Cellulose Acetate, Rigid PVC, Plasticized 
PVC (The more plasticizer the lower the 
specific gravity), PVC - Acetal Copolymers, 
Celluloid (Cellulose Nitrate).
1.4 to 1.6 PVC Chlorinated (1.44 plus)
Melamine Pormaldehyde, Urea Formaldehyde 
(Cellulose Filled) S.G. -1.5 
(Min. Filled) S.G. up to 2.2
1.6 to 1.8 Chlorinated Rubber, Polyvinylidene Chloride 
Glass Fibre Laminate
More than 1.8 FEP,. Polytetrafluorethylene, Polytetra-
fluorochlorethylene.
(b) Attempt to cut a thin sliver off the plastic:
Powdery chips indicate a thermosetting resin, probably
phanol - urea - or melamine - formaldehyde.
Fairly coherent sliver indicates a thermoplastic. Confirm 
by applying a hot metallic rod to the moulding. Melting 
indicates a thermoplastic.
(c) Take a small amount on a metal spatula and place close to 
a Bunsen flame, then insert into the flame. Observe what 
happens.
Does Not 
Melt
Softens/Melts 
In Parts Melts
Almost
Incombustible PTFE* PTFCE*
Decomposes only 
above•250-350 c
Silicone Resins
Combustible only 
when actually in 
the flame
M/F & U/F(fishy smel! 
P/F (Phenolic smell)
;) PVC, Polyvinyl idene 
ghjLgride, Chlorinatt
FVC/Acetal 
1(jCopolymers 
^Nylons(White 
fumes and smel3 
of celery)
Urethanes
Burns with small 
flame when with-, 
drawn from flame 
or chars if non­
melting.
Proteins(smell of 
burning hair poly­
vinyl Alcohol* 
Cross-linked Poly­
esters.
Polyacryl onitr il e 
Cured Epoxy Resins
Polyethylene. 
Polypropylene, 
Polymethylmeth­
acrylate ,Cellu­
lose estersand 
ethers, Poly- 
acetalCsmell of 
formalin)
Burns readily 
with a sooty 
flame.
- Polyesters,
terylene,
polystyrene,
novolacs
ghly Combustible - Cellulose Nitrate
(a) Pyrolyse in an ignition tube. Test vapours given off with
litmus paper.
Vapours Does Not Melt Soften/Melts in Parts Melts
id PTFE,* PTFCE,* Polyvinyl Alcohol 
P/P Resin(Phenolic 
Smell)
PVC, Polyvinylidene 
Chloride
Cured Epoxy Resins
Polyesters, 
Cellulosics 
Polyvinyl Acetate 
PVC/Acetal Co­
polymers, Novol- 
acs, Polyacetals 
Polycarbonates 
(only slightly 
acid;.
kaline Proteins, U/P & 
M/P Resins
Polyacrylonitrile Nylons
eutral Silicones, Cross- 
linked polyesters
Polyethylene,
Polypropylene,
Polystyrene,
Polymethyl,
Methacrylate,
Lubricants,
Plasticizers
VAPOURS TOXIC!
(e) P/P resins are usually brown or black, M/P and U/F resins are 
ite or brightly coloured. U/F resins can be scuffed with the finger 
ils whereas M/P resins are harder. To perforin this test satisfactorily 
ces considerable experience.
(f) Styrene polymers make a metallic noise when dropped a few 
ches onto a hard surface. Other thermoplastic materials give a
'fferent noise. If you have a styrene polymer, burn a small piece, 
ow out the flame and smell the smoke. A smell of styrene only indicates 
lystyrene or a copolymers high in styrene. A bitter smell along with
the styrene indicates a styrene-acrylonitrile copolymer 
and an additional smell of rubber shows an ABS copolymer.
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t>) LITTER MODEL: COMPUTER PROGRAM
INPUT
T = A time in the stabilised cycle
TB = Time at which degradation starts = t^  in text
TD = Time at which degradation is complete
= t , in textd
F = Collection interval = c in text
EPS = Inefficiency of collection
D = Deposit rate
N.B. This program is only valid for 
sc<4 t > (s+l)c.
OUTPUT
N Partial Sum
s - s Portion of litter from period (s-s) 
s - (s-1) 
s - (s-2) 
s - (s-3)
s
SIGMA = Total of partial sums X D (i.e. area 
up to T in stabilised cycle.
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THE PROGRAM
WRITETEXTC
writetext('
WRITETEXTC1 
WRITETEXTC' 
WRITETEXTC' 
WRITETEXTC1
'BEGIN' 'REAL'T,TB,TD,F,K,SF,NF,NP1F,X,KSQ,TPSF,D,
TLSF,EPS,SIG,TEST1,TEST2,TEST3,TEST4;
'INTEGER'N,S,ALF,BET,GAM, DEL,ZET,ETA,THET,
LAM,MU,PI;
AGAIN:WRITETEXTC ' ( 'TYPE7„THE7oFOLLOWING%VALUES' ) ’ ) 
NEWLINE(2);
’(T7o=')'): NEWLINE(l): T:=READ;
'TB%=')'); NEWLINE(l); TB:=READ;
'TD%=')'); NEWLINE(l); TD:=READ; 
'F7o=')'); NEWLINE(l); F:=READ;
'E O S 7 » =NEWLINE( 1) ; EPS: =READ; 
"D7o=')’); NEWLINE(l); D:=READ; 
NEWLINE( 2) ; WRITETEXTC' ( ' '7„7.N7,%7„PARTIAL7oSUM' ) ') 
NEWLINE(2);
SIG:=0;
K:=LN(2)/(TD-TB);
, KSQ:=K 2;
S:=ENTIER(TD/F);’IF'S*F TD'THEN'S:=S+1;
'FOR' N:=0 'STEP'l'UNTIL'S'DO*
'BEGIN' NF:=N*F; SF:=S*F; TLSF:=T-SF; TPSF:=T+SF;
NP1F:=NF+F;
TEST1:=TB+NF;
TEST2:=TB+NP1F;
TEST3:=TD+NF;
TEST4:=TD+NP1F;
ALF: ='IF'T > NF'THEN'1'ELSE'0;
BET:='IF'T> TESTl'THEN'1'ELSE'O;
GAM: = 'IF'T > TEST2'THEN'l'ELSE'O;
DEL: = ’IF'T> TESTS'THEN'1’ELSE'O;
ZET:='IF'T> TEST4'THEN'l'ELSE'O;
THET:='IF'SF> TEST1'THEN'1'ELSE’0;
LAM:='IF'SF> TEST2'THEN'1'ELSE'0;
MU:='IF'SF> TEST3'THEN'l'ELSE'O;
PI: = ' IF'SF > TEST4'THEN'l'ELSE'O;
ETA:='IF'SF< NPIF’THEN'l'ELSE’O; 
X:=ALF*(0.5*TPSF-NF)*TLSF;
X:=X-(1-ETA)*(0 .5*TPSF-NP1F)*TLSF;
X:=X-BET*THET*(0.5*TPSF-TEST1)*TLSF;
X:-X-BET*(1-THET)*(0.5*T-0.5*TEST1)*(T-TEST1);
X: =X+GAM*LAM*(0. 5*TPSF-TEST2 ) --TLSF;
X:=X+GAM*(1-LAM)*(0.5*(T+TEST2)-TEST2)*CT-TEST2)
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X:=X+BET*THET*(TLSF*(TPSF-2*TEST1+1/K) 
-(EXP(K*(T-TEST1))-EXP(K*SF-TEST1)))/KSQ);
X:=X+BET*(1-THET)*((T-TEST1)*(T-TESTl+*/K) 
-(EXP(K*(T-TEST1))-1)/KSQ);
X:=X-DEL*(1-MU)*( (T-TEST3)*(T-TEST3+2/R) 
-(EXP(K*(T-TESTl))-2)/KSQ);
X-:=X- DEL*MU* (TLSF*(TPSF-2*TEST3+2/K) 
-(EXP(K*(T-TEST1))-EXP(K*(SF-TESTl)))/KSQ); 
X: =X- G AM*LAM* ( TLS F* ( TP S F- 2*TE ST 2+ l'/K) •
-(EXP(K*(T-TEST2))-EXP(K*(SF-TEST2)))/SKQ); 
X:=X-GAM*(1-LAM)*((T-TEST2)*(T-TEST2+1/K) 
-(EXP(K*(T-TEST2))-1)/KSQ);
X:=X+ZET*PI(TLSF*(TP SF-2*TEST4+2/K)
-(EXP(K*(T-TEST2))-EXP(K*(SF-TEST2)))/KSQ); 
X:=X+ZET*(1-PI)*((T-TEST4)*(T-TEST4+2/K) 
-(EXP(K*(T-TEST2))-2)/KSQ); •
X:=X*EPSt (S-N);
PRINT(N,2,0); .
PRINT(X,5,5);
NEWLINE(l);
SIG:=SIG+X;
'END'
NEWLXNE(2);
WRITETEXT('('S I G M A % = ;
PRINT(SIG*D,B,5);
NEWLINE(3);
WRITETEXTC'('DO%YOU%WISH%TO%TRY%AGAIN%?% 
TYPE%Y%YOR%N')');
KEWLINEC 2); '
’IF'READGH=CODE(’('Y T H E N  " GOTO'AGAIN
’END'
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FLOW MODEL OF PLASTICS
A diagram of the flow model at the time of formul­
ation is shown in Figure I.1. It differs in certain 
small details from that of Figure 12.1. The numbers 
inside the boxes refer to the key used in the equations 
(e.g. fabrication* P02); the numbers of the flow lines 
refer to the constants (C C il ..... C t 743 ) which 
describe the flow of material through the model.
The model is straight forward, but for two special 
cases:
(1) The production of wastes through consumption 
which is dependent on the lives of the various products 
(Chapter 5).
(2) The recycling loops which exist in the model.
(1) A set of constants for each consumption year has 
been calculated from the results of the forecasting model 
of Chapter 5, which can be used to calculate plastics 
waste production. Initially only 20 constants (A^  ... A2q) 
were to be used for each year.
The waste from previous years in the model (not 
including the current year) can then be calculated:- 
WC 03 = AJL-13 P03C-11 + A3C-2lP03C-21 .....
+ a20 Q-1^ 3 P03 C-
Where WT01 = waste produced in current year from previous 
years* consumption
A2[-ll= second constant from year before current year
P03[-ll= consumption " ** " *' *'
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(2) There are 25 different loops possible in the model, 
described by K C 13 .... KC253 in the computer program.
Recycling is assumed to carry on round the loops until 
the additional totals are negligible. In practise this 
was found to occur quite rapidly and only 7 cycles are, 
in fact, calculated.
Because the loops are all calculated from P02, and 
all are included, the calculation need not be repeated, 
for example to calculated P03 from the re-use loop. This 
is done by using the new P02 total and the constants, c.
m*26
P02 = ( e 1P 1) + ( e 4P5 1 ) - ( c 3P5 0 ) + ( P 1 j . Kn)
i-. n ';!*-3
(C1P1)+(C4P51)-(C3P50)+(P1 Ktl +W
+ )'+(c4c51)-(c3p50)+(pi %. Kn)] £  Kn +W Kr
P02 ’ (L(ClPl)+(C4P51)-<C3P50)+
(P1 I Kn> J [l+lKnJ+ W aQZ  Kn
C6C7
|  .Kn) + ( £  Kn)2 + ( 1 Kn)3 
+ ( Z  Kn)4 + ( £  Kn)5 + ( £  Kn)6^
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INPUT
One
Set
Annual
Sets
Y1 = First year of run
N1 = Number of years in run
P06 C-fl = Litter total from year previous to run
J1 = Year'
P01 = Polymer Production
P50 = Imports
P51 = Exports
e[i3... cC74l = Constants
A Cl-20^ = Probabilities for waste production
(calculated from forecast model)
OUTPUT
For each year K C 13... K E 263 , P01 ... P49
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'BEGIN'
'BEGIN'
'BEGIN'
'END'
'BEGIN'
THE PROGRAM
'INTEGER' Yl, Nl, Ml;
Y1:=READ;
N1:=READ;
M1:=N1-1;
'ARRAY' P06C-l:0’],P03LYl:M13,Ctl:74'3,KCl:26'3',,
At2:25,Y1:M13;
'REAL' P01,P02,P04,P05,P07,P08,P09,P10,P11,P12,P13, 
P14,P15,P16,P17,P18,P19,P20,P21,P22,P23,P24,P25,P26 
P27,P28,P29,P30,P31,P32,P33,P34,P35,P36,P37,P38,P39 
P40,P41, P42,P43,P44,P45,P46,P47,P48,P49,P50,P51, 
SUM1,SUM2,SUM3,SUM4,W;
'INTEGER' II, Jl, Kl;
'PROCEDURE' PR(W,X,Y,X,P,Q,R,S);
'VALUE' W,X,Y,Z;
'REAL' W,X,Y,Z;
'STRING' P,Q,R,S;
SPACE (3);
WRITETEXT(P);
PRINT(W,8,0);
SPACE(7);
WRITETEXT(Q);
PRINT(X,8,0);
SPACE(7);
WRITETEXT(P);
PRINT(Y,8,0);
SPACE(7);
WRITETEXT(S);
PRINT(Z,8,0);
NEWLINE(1);
P06[013 :=READ;
J1:=READ;
'FOR' I1:=0 'STEP' 1 'UNTIL' Ml 'DO'
'IF' Yl+l+Jl 'THEN' 'GO TO' ERR;
P01:=READ;
P50:=READ;
P51:=READ;
'FOR' Jl:=l 'STEP' 1 'UNTIL' 74 'DO'
CCJ13 :=READ;
'FOR' Jl:=2 'STEP'1 'UNTIL' 25 'DO'
AtJl,111:=READ;
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KC l3:=CC 63+C C 73+C C 93+CC233+Ct293+CC333+CC383 ;
KC 23 :=C t 63+C C 73+C C 93+CC233+CC293+CC333+CC373 + 
CC403+CC413;
KC 33: =C C 63+C C 73+C C 93+CC243+CC243+CC333+CC383;
KC 43: =C C 63+C C 73+C C 93+CC243+CC283+CC333+CC373+ 
CC403+CC413;
K C 53:=C C C3+C C 73+CC103+CC283+CC333+CC383 ;
KC 63:=CC 63+C C 73+CC103+CC283 +CC333+CC373 +CC40l +CC413 
KC 73 :=C C 63+C C 73+CC113+CC173+CC263+CC331+C C383 ;
KC 83:=CC 63+CC 73+CC113+CC173+CC263+CC333+CC373+ 
CC403+CC413;
KC 93:=C C 63+C C 73+CC133+CC343+CC383 ;
KC103 :=CC 63+C C 73+CCl33+CC343+CC373+CC403+CC413;
KClll :=C C 63+C C 73+Ct 133+CC143+CC153+CC 73+C C 93+ 
CC233+CC293+CC333+CC383;
KC123 :=C C 63+C t 73+CC133+CC153+C C 73+C C 93+CC233+ 
CC293+CC333+CC373+CC403+ CC413 ;
KC133:=C C 63+C C 73+CC133+CC143+CC153+C C 73+C C 93+ 
CC243+CC283+C C333+CC383;
KC143:=CC 63+C C 73+CC133+CC153+C C 73+C C 93+CC243+ 
CC283+CC333+CC373+CC403+CC413;
KC153:=CC 63+CC 73+CC133+CC143+CC153+C C. 73+CC103 + 
CC283+CC333+CC383;
KC163:=CC 63+C C 73+CC133+CC143+CC153+C C 73+CC1C0 + 
CC283+CC333+C37 +CC403+CC413;
KC173:=CC 63+C C 73+CC133+CC143+CC153+C C 73+CC113 + 
CC173+CC263+Ct333+CC381;
KC183 :=CC 63+C C 73+C Cl 33+C C143+CC153+C C 73+CC113+ 
CC173+CC263+cC333+C C373+CC403+CC413;
KC193 :=C C 63+CC 7J+CC133+CC143+CC153+C C 73+CC133+ 
CC343+CC383;
KC203 :=CC 63+C C 73+CC133+CC143+CC153+C C 73+CC133+ 
CC343+CC373+CC403+CC413;
KC213 :=CC 53+CC183+CC353+CC403+CC413;
KC223:=CC 53+CC181+CC363+CC383 ;
KC233:=Cc 53+CC183+CC363+CC373+CC403+CC413;
KC 243 : =C C 23+C C183+C C3 53+C C403+C C413;
Kt253:=CC 23+CC183+CC363+CC383;
KC263:=CC 23 +CC183 +CC363+CC373+CC403 +CC413;
SUM1 := KC243+KC253+KC263;
SUM2 := KC 13+KC 23+K C 33+K C 43+K C 53+K C 63+K C 73+
K t 83+KC 93+Kri03+KC113+KC123+KCl3]+KC143+KC153 +
K C163+KC173+KC183+KC193+KC203;
SUM3 : = tKC2l3+Kt223+KC233;
SUM4 := SUM2+SUM3;
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'FOR' Jls=11-1'STEP' -1 'UNTIL'Yl'DO'
W:=W+A I1-J1+1,J1 *P03 J1 ;
P02: = ( (C C 13-vpOl+G lC4l*P51-G C 33*P50+SUM1*P01)+ 
(1+SUM4)+(W*SUH2,)/(C C 63*C C 73))*(l+SUM3+SUM3‘t2+ 
SUM31 3+SUM3t4+SUM3t5+SUM3t6);
P03CI13 :=C C 63*P02;
P04:=CC 73+P031I13+W;
P05:=CCin*P04;
P06C03:=CC163*P05*P06C-ll;
P07:=CC173*P05;
P08 :=C C 23*P01+C C 53*P02;
P09:=C C93+P04;
P10:=CC103*p04+CC203*P02;
P11:=CC 83*P04+CC213*P08+C[223*P09;
P12:=C C193+P08+C C233PP09;
P13:=CC123*P04;
P14:=CC133*P04y
P15:=CC143*P14;
P16: =C C263 *P07+C C 283 *P 10+C C293 *P 12;
P17 :=CC323*P16+Ct253*P07+CC273 *P10+CC303*P12; 
P18:=CC183*P08;
P19: =C C363 *P 18+C C33'fP 16+C C343 *P 14; 
P20:=CC353*P18+Ct373*P19;
P21:=CC403*P20;
P22:=CC393*P19;
P23:=CC423*P22;
P 24:=C C433 *P 2 2;
P25:=CC443*P23;
P26:=CC453*P23;
P27:=CC463*P23;
P28:=CC473*P24;
P 29: =C C483 *P24;
P30:=CC493 *P24;
P31L=CC503*P24;
P32:=CC523*P17»,
P33:=CC533*P17;
P34:=CC543*P17;
P35:=CC553*P17;
P36:=CC563*P17;
P37:=CC573*P17;
P38:=CC603*P34;
P39:=CC613*P34;
P40:=CC633*P35;
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P41:=CC643*P35;
P42: =C C663 *P35;
P43:=CC673*P36;
P44:=C C683 *P36;
P45:=C C7 03*P36;
P46:=CC7H*P37 
P47 :=CC7 23 *P37;
P48:=CC74l*P37;
P49:=CC513*P17+C C583 *p 3 2+C C5 91 *P 3 3+C C6 3-P 3 9+C C 6 53 *P41+ 
C C6 93 *P44+C C 7 33 *P47;
SPACE(18);
WRITETEXT('('YEAR’ ) ' ) ;
PRINT (Yl+Il,4,0);
NEWLINE(2);
'FOR' Jl:=l 'STEP'1'UNTIL'13 'DO'
'BEGIN' 'FOR' K1:=0,13 'DO'
'BEGIN' WRITETEXTC('K')');
PR1NT(J1+K1,1,0); '
PRINT(KCJ 1+K13 ,1,6);
SPACE(12);
’END'
NEWLINE(1);
'END'
NEWLINE(2);
PR(P01,P14,P27,P40, '('POm')', '('P147o%')', 
’('P27%%')','('P40%%')'); ■
PR(P02,P15,P28,P41,' ( 'P02%%' )’■,'( 'P15%%/) ', 
'C'P28%%')','('P41%%')’);
PR(P03 II ,P16,P29,P42,' ('P03 II %%')■','('P16%%' ) '
'('P29%%')’,'('P42%%')');
PR(P04,P17,P30,P43,'('P04%%')','('P17%%')’, 
’('P30%%’)','('P43%%')’);
PR(P05,P18,P31.P44,' ('P05W ) ',' ( 'P18%%) ',
'('P3ffl')','(’P44%%')');
PR(P06 0 ,P19,P32,P45,'('P06 0 %%')','('P19%%')',
' ( 'P32%7o' )', ' ( 'P45%%') ’) ;
PR(P07,P20,P33,P46,'('P077o%')',’('P20%%')',
' ( 'P33%%') ’,' ( 'P46%7o') ' ) ;
PR(P08,P21,P34,P47,' ('P087o7o') ',' ('P2m') ', ■ 
’('P34%%'.)',’('P47')');
PR(P09,P22,P35,P48, ’('P09%7=')', '('P22%7o')',' ( 'P35%7.' ) ' . 
'('P48%7.')');
PR(P10,P23,P36,P49,'('P10::')','('P23%%')',
’ ( 'P367o%')','('P49%%’ ) ') ;
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PR(P11,P24,P37,P50,'('Pira')',,('P24%%')', 
,('P37%%'-)V('P50%%'■)');
PR(P12,P25,P38,P51,'('P12%%')', ,('P257o%')', 
’('P387o%')',’('PSm')’); 
PR(P13,P26,P39,W'('P137o7o')’, ,(,P267o7o')',
' ( 'P39%%') ',' ( 'W%%' ) ');
PAPERTHROW;
P06C-T) :=P06C01;
'END' OF STEP II;
ERR: WRITETEXTC (DATA%CARDS7oOUT7oOF7oORDER7oAT7o
YEAR')');
PRINT(Y1+I1,6,0);
NEWLINE(2);
WRITETEXTC ' (YEAR7oREAD’)') ;
PRINT(J1,6,0);
'END';
FIN;
'END';
